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reziume
boris sxvadasxva polimorfuli modifikacia, misi Senadnobebi da
naerTebi xasiaTdebian naxevargamtarul xelsawyoTmSeneblobaSi,
kompoziciur masalebsa da teqnikis specifikur  dargebSi
praqtikuli gamoyenebis realuri perspeqtivebiT.
boris fuZeze damuSavebuli masalebis gamoyenebis perspeqtivebis
realizaciisaTvis metad mniSvnelovania sxvadasxva meTodiT
miRebuli boris realuri struqturisa da struqturulad-
mgrZnobiare fizikur-meqanikuri Tvisebebis kompleqsuri
Seswavla.
miuxedavad arsebuli mravalricxovani samecniero publikaciisa
boris miRebis, struqturisa da fizikuri Tvisebebis Sesaxeb,
dReisaTvis arasakmarisad aris Seswavlili struqturuli
modifikaciebisaTvis damaxasiaTebeli defeqtebis warmoqmnis,
moZraobis aqtivaciis, urTierTqmedebis da Termuli mdgradobis
maxasiaTeblebi. Ppraqtikulad Seuswavlelia boris calkeuli
modifikaciis dinamiuri, meqanikuri, Termuli da eleqtrofi-
zikuri Tvisebebi temperaturisa da malegirebeli komponentebis
cvlilebis farTo diapazonSi.
winamdebare naSromSi warmodgenilia kobaltiTa da nikeliT
legirebuli β-romboedruli boris kristalebis mikrostruqtu-
ris, eleqtrofizikuri maxasiaTeblebis, mikrosisalis, Zvris
dinamiuri modulis, relaqsaciuri da histerezisuli Sinagani
xaxunis procesebisa da mikroplastikurobis Seswavlis Sedegebi.
kobaltiTa da nikeliT cal-calke legirebuli β-romboedruli
boris kristalebi miRebulia eleqtrowinaRobis RumelSi
nadnobis kristalizaciiT. optikuri da rastruli mikroskopebis
gamoyenebiT Seswavlilia damaxasiaTebeli struqturuli
defeqtebi _ marcvlebis gamyofi sazRvrebi, oreulebi,
mikroforebi.
eqsperimentulad dadgenilia nikeliTa da kobaltiT legirebuli
β-romboedruli boris erTfaziani kristalebis mikrosisalisa da
Zvris modulis absoluturi sidideebis zrda, rac
ganpirobebulia malegirebeli metalebis atomebis maxloblobaSi
Zlieri SP2 tipis kavSirebis formirebiTa da maTi gavleniT
dislokaciuri warmoSobis defeqtebis Zvradobis SemcirebiT.
gamovlenilia maRal temperaturebze mowvis gavlenis rTuli
xasiaTi. mowva vakuumSi amaRlebs mikrosisalisa da Zvris
modulis mniSvnelobebs 200-450ºC temperaturul intervalSi,
xolo 800-1000ºC intervalSi piriqiT, iwvevs aRniSnuli meqanikuri
maxasiaTeblebis Semcirebas, rac gamowveulia dislokaciuri
defeqtebis (oreulebi, wyobis defeqtebi) atmosferoebSi
minarevebis koncentraciisa da ganawilebis araerTgvarovnebiT.
voTaxis temperaturaze holis efeqtis meTodiT Seswavlilia
legirebuli β-romboedruli boris kristalebis eleqtrofiziku-
ri maxasiaTeblebi sawyis da Termulad damuSavebul
mdgomareobaSi.
dadgenilia, rom  nikeliT legirebuli kristalebi denis
matareblebis koncentraciis 1018-1020sm-3 intervalSi xasiaTdebian
n-tipis gamtarobiT, xolo kobaltiT legirebul kristalebs
koncentraciis farTo intervalSi axasiaTebT p-tipis eleqtruli
gamtaroba.
vakuumSi 200-800ºC temperaturul intervalSi, Seswavlilia
rogorc aralegirebuli, aseve kobaltiTa da nikeliT
legirebuli β-romboedruli boris kristalebis fardobiTi
wagrZeleba 3-5grad/wT gaxureba-gacivebis pirobebSi.
aralegirebuli kristalis fardobiTi wagrZelebis grafiki
200-400ºC temperaturul intervalSi mniSvnelovnad gadaxrilia
wrfivi funqciisagan. mowva sxvadasxva temperaturaze 200-1000ºC
intervalSi 3-5sT.-is ganmavlobaSi  iwvevs fardobiTi
wagrZelebis grafikebis formis cvlilebas, magram ver aqrobs
200-400ºC temperaturaze arsebul anomalias. dabali
koncentraciiT legireba (<1017sm-3) nikeliTa da kobaltiT
asustebs fardobiTi wagrZelebis anomalias.
eqsperimentulad dadgenilia, rom 1017-1018sm-3 koncentraciiT
nikeliTa da kobaltiT legireba mTlianad axSobs fardobiTi
wagrZelebis anomalias aRniSnul temperaturul intervalSi da
zrdis wrfivi Termuli gafarToebis koeficientis mniSvnelobebs
20-1000ºC temperaturul intervalSi. Ggardamavali metalebiT
legirebuli β-romboedruli borisaTvis damaxasiaTebelia
elementaruli ujredis moculobisa da mikrosisalis
mniSvnelobebis amaRleba. maTTan korelaciaSia legirebuli β-
romboedruli boris wrfivi gafarToebis koeficientis
cvlileba. legirebis gavleniT struqturisa da fizikur-
meqanikuri maxasiaTeblebis amaRlebis tendencia ganpirobebulia
β-romboedruli boris elementaruli ujredis sicarieleebSi
ganTavsebuli gardamavali metalebis atomebis maxloblobaSi
formirebuli mtkice eleqtronuli kavSirebis zemoqmedebiT.
grexiTi rxevebis 0,5-5,0hc. sixSirul diapazonSi gamokvleulia
sufTa da cal-calke  kobaltiTa da nikeliT legirebuli
polikristaluri β-romboedruli boris Sinagani xaxunis
procesebisa da Zvris dinamiuri modulis temperaturuli da
amplituduri damokidebulebebi. warmodgenilia sacdel
kristalebSi Termuli damuSavebisa da maRaltemperaturuli
deformaciis zemoqmedebiT struqturuli mdgomareobisa da
fizikur-meqanikuri Tvisebebis cvlilebebis SedarebiTi analizi.
aralegirebuli boris nimuSebis Sinagani xaxunisa da Zvris
modulis temperaturul speqtrebSi gamovlenilia meqanikuri
rxevebis energiis gabnevis da atomTaSorisi kavSiris Zalebis
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lokaluri cvlilebebis relaqsaciuri da ararelaqsaciuri
procesebi. gansazRvrulia relaqsaciuri procesebis aqtivaciis
energiisa da sixSiris faqtoris mniSvnelobebi. Ggaanalizebulia
deformaciuli warmoSobis oreulebisa da teqnologiuri
minarevebis (Jangbadi, naxSirbadi, azoti) atomebis urTierT-
qmedebis ganmsazRvreli roli β-romboedruli boris
struqturaSi relaqsaciuri da histerezisuli tipis procesebSi.
Seswavlilia 5.1017, 2.1018 da 1.1019sm-3 koncentraciiT nikelis Semc-
veli β-romboedruli boris Sinagani xaxunisa da Zvris modulis
temperaturuli speqtrebi. Ddadgenilia, rom nikelis maRali kon-
centraciiT (>1.1018sm-3) legirebul borSi 300-320ºC temperaturebis
areSi mTlianad qreba ararelaqsaciuri Sinagani xaxunis procesi,
relaqsaciuri procesebis aqtivaciis energiebis mniSvnelobebi
mcirdeba 10-15%-iT, xolo maTi intensivoba ~20%-iT.
relaqsaciuri procesebis maxasiaTeblebis Semcirebis tendencia
gamovlenilia aseve kobaltis 1·1017-5.1019sm-3 koncentraciul
intervalSi legirebul β-romboedrul borSi. Kkobaltis
miTiTebul koncentraciul intervalSi mTlianad qreba
ararelaqsaciuri Sinagani xaxunis procesebi da sagrZnoblad
mcirdeba (20-25%) relaqsaciuri procesebis intensivoba.
Seswavlilia aralegirebuli da kobaltiTa da nikeliT
legirebuli β-romboedruli boris Sinagani xaxunisa da Zvris
modulis amplituduri damokidebuleba amplituduri
deformaciis 1.10-5-5.10-3 intervalSi sxvadasxva fiqsirebul
temperaturaze. gamovlenilia aRniSnuli maxasiaTeblebis
cvlilebis mravalstadiuroba. gansazRvrulia momijnave
stadiebis gamyofi amplituduri deformaciis kritikuli
mniSvnelobebi da Sefasebulia drekadobis zRvris sidideebi.
dadgenilia, rom  kobaltiTa da nikeliT legireba SesamCnevad
amcirebs kritikuli amplituduri deformaciis mniSvnelobebs,
maRal amplitudebze (>1.10-3) mcirdeba Zvris modulis
absoluturi sidide. gansazRvrulia mikroplastikuri
deformaciis dawyebis kritikuli amplitudis sidide 200ºC
temperaturaze.  Seswavlilia maRal temperaturebze kritikuli
amplituduri deformaciis, Zvris absoluturi modulisa da
drekadobis zRvris sidideebis cvlilebebis kanonzomierebani.
naCvenebia, rom legirebuli β-romboedruli bori maRal
temperaturebze xasiaTdeba Zvris modulis amaRlebuli
absoluturi sidideebiT.
cnobilia, rom Sinagani xaxunisa da meqanikuri modulebis
amplituduri damokidebulebebis gamovlineba ganpirobebulia
myar sxeulebSi dislokaciebisa da wertilovani defeqtebis
(minarevebis atomebi, vakansiebi, maTi kompleqsebi)
urTierTqmedebiT. Mmetalebsa da SenadnobebSi aRniSnuli
urTierTqmedeba iwvevs ganmtkicebas, xolo Rrmad legirebul
naxevargamtarebSi nacvlad ganmtkicebisa xorcieldeba e.w.
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“darbileba” dislokaciebis gaujerebeli eleqtronuli bmebis
Sevsebisa da, Sesabamisad, maTi Zvradobis gazrdiT.
gaanalizebulia legirebuli β-romboedruli boris Zvris
absoluturi modulis zrdis da dislokaciuri warmoSobis
defeqtebis (deformaciuli oreulebi, wyobis defeqtebi)
aqtivaciis energiis Semcirebis mizezebi.
Zvris modulis amaRlebis mizezad miCneulia malegirebeli
kobaltisa da nikelis atomebis maxloblobaSi Zlieri Me-B
eleqtronuli kavSirebis formireba kristalis dislokaciebi-
sagan Tavisufal moculobaSi. relaqsaciuri dislokaciuri
warmoSobis procesebis aqtivaciuri maxasiaTeblebis Semcireba
SesaZlebelia gamowveulia rxevebis energiis gabnevis procesebSi
monawile oreulovani dislokaciebisa da wyobis defeqtebis
Semadgeneli nawilobrivi dislokaciebis birTvebis eleqtro-
nuli bmebis SesustebiT.
warmodgenilia kobaltiTa da nikeliT legirebul β-romboed-
rul borSi Sinagani xaxunis relaqsaciuri da ararelaqsaciuri
procesebis SesaZlebeli mikroskopuli meqanizmebi:
• {100} kristalografiul sibrtyeebze deformaciuli oreule-
bis sazRvris migracia oreulovan zedapirul  dislokaciaze
rgolis CasaxviTa da gafarToebiT niSancvladi gareSe Zabvis
velSi (~250ºC).
• deformaciuli oreulebis sazRvrebSi arsebuli boris,
Jangbadisa da naxSirbadis atomebisagan formirebuli
kompleqsebis konfiguraciisa da Sedgenilobis Seqcevadi
cvlilebebi temperaturisa da meqanikuri Zabvis erTdrouli
zemoqmedebiT (300-350 ºC).
• {100} kristalografiuli sistemis sibrtyeebze wyobis
defeqtebis Seqcevadi SekumSva-gafarToeba niSancvladi
gareSe Zabvis zemoqmedebiT.
eqsperimentulad dadgenilia, rom kobaltiTa da nikeliT
legirebiT, maRaltemperaturuli Termuli damuSavebiTa da
maRalamplituduri grexiTi deformaciiT SesaZlebelia β-rombo-
edruli boris drekadobis zRvrisa da mikroplastikuri
deformaciis maxasiaTeblebis, aseve oreulovani dislokaciebis
da wyobis defeqtebis Zvradobis farTo diapazonSi cvlileba.
gardamavali metalebiT legirebis, Termuli damuSavebisa da
deformaciis zemoqmedebiT realuri struqturis, fizikur-
meqanikuri, Termuli da eleqtrofizikuri Tvisebebis cvlile-
bebis dadgenili kanonzomierebani SesaZlebelia gamoyenebuli
iqnas boris fuZeze axali Senadnobebis, kompoziciuri masalebisa
da profilirebuli namzadebis Sesaqmnelad axali funqciona-
luri xelsawyoebisa da mowyobilobebisaTvis.
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Resume
Various polymorphous modifications of boron, its alloys and compounds are
characterized by real perspectives of practical applications in semiconducting
instrument-making industry,  compositioned materials and specific fields of technique.
Complex studying of real structure and structural-sensitive physical-mechanical
properties of boron, obtained by various methods is very important for realization of
application perspectives of materials developed on the basis of boron.
Despite of numerous scientific publications about obtaining of boron, its structure and
physical properties, characteristics of generation of defects, characterized for
structural modifications, activation of their motion, interaction and thermal stability
have not been complexly investigated. Dynamic mechanical, thermal and
electrophysical properties of separate modifications of boron in the wide ranges of
temperature and dopant components practically have not been studied.
In the present work results of studying of microstructure, electrophysical
characteristics, microhardness, dynamic shear modulus,  relaxation and hysteretic
internal friction processes and microplasticity of the crystals of β–rhombohedral
boron, doped by cobalt and nickel have been presented.
The crystals of β–rhombohedral boron, doped separately by cobalt and nickel have
been obtained by crystallization of melt in resistance furnace. Structural defects –
grains boundary, twinnings, micropores have been studied using optical and scaning
electronmicroscope.
Increase of absolute values of microhardness and shear modulus of cobalt and nickel
doped  crystals has been established, that is caused by  formation of strong SP2 type
bonds in the nearness of atoms of dopant metals and by decrease the mobility of
dislocation origin defects.
Complicated character of effect of hightemperature annealing has been shown.
Annealing in vacuum in 200-450ºC temperature interval causes increase of values of
microhardness and shear modulus, and the annealing in 800-1000ºC temperature
interval causes decrease of mentioned mechanical characteristics by 10-15%, that is
explained by changing of impurity concentration and distribution in atmospheres of
dislocation origin defects (twinnings, staking faults) at the room temperature.
Electrophysical characteristics of crystals of β–rhombohedral boron, in the initial state
and after thermal treatment have been studied via the Hole Effect at the room
temperature.  It has been established, that Ni doped crystals are characterized by n-
type conductivity, in the carrier concentration interval of 1018-1020 cm-3 and Co doped
crystals are characterized by p-type conductivity.
Relative elongation of undoped and Co and Ni doped β–rhombohedral boron crystals
have been studied in 200-800ºC temperature interval in vacuum in 3-5- grad/min
heating-cooling conditions. Changing of the relative elongation of the undoped crystal
in 200-400ºC in heating-cooling cyclic has been deviated from the linear function. It
has been sharply revealed at high velocity of changing of measuring temperature
(~5grad/min). Annealing at the different temperatures in 200-1000ºC temperature
interval for 3-5 hrs  causes changes of shape of diagrams of the relative elongation,
but does not   suppresses anomalies of its changes in 200-400ºC. Doping by low
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concentration cobalt and nickel has weakened anomaly , expressed on the diagrams of
the relative elongation.
It has been experimentally established, that doping by cobalt and nickel up to 1017-
1018 cm-3 concentration suppresses anomaly of relative elongation and causes increase
of values of linear thermal expansion coefficient by 10-15% in 20-1000ºC temperature
interval. Transitive metals doped β–rhombohedral boron has been characterized by
increase of values of microhardness and volume of elementary cell. Changing of
linear thermal expansion under the influence of  doping has been correlative with
them.
Tendency to increase of structural and physical-mechanical characteristics have been
stipulated by tensile influence of oriented strong electronic bonds, formed close to the
atoms of transitive metals, located in pores of  the elementary cell of β–rhombohedral
boron.
Temperature and amplitude dependences of internal friction and shear modulus of
undoped and  cobalt and nickel doped polycrystalline β–rhombohedral boron have
been investigated in 0,5-5,0Hz. frequency interval of torsion oscillations. Comparable
analysis of changes of physical-mechanical properties and structural state, by the
influence of thermal treatment and hightemperature deformation in experimental
crystals has been presented.
Relaxation and non-relaxation processes of changes of inter-atomic bonding forces
and energy scattering of mechanical oscillations have been revealed in temperature
spectra of internal friction and shear modulus of undoped experimental specimens.
The values of frequency factor and activation energy of relaxation processes have
been determined.
Determining role of interaction of technological impurity atoms (oxygen, carbon,
nitrogen) and deformation origin twinnings in relaxation and hysteretic type processes
in the structure of β–rhombohedral boron have been analyzed.  Temperature spectra
of internal friction and shear modulus of β–rhombohedral boron doped by nickel with
concentration 5.1017, 2.1018 and 1.1019 cm-3 have been studied. It has been established,
that non-relaxation internal friction process in 300-320ºC temperature area has
disappeared in boron, doped by nickel with high concentration (>1.1018 cm-3),  the
values of activation energy of the relaxation processes have decreased by 10-15% and
intensity of relaxation processes has reduced by ~20%. Tendency to decrease of
characteristics of relaxation processes have been also revealed in β–rhombohedral
boron, doped by cobalt with concentration 1017-5.1019cm-3. In this interval of cobalt
concentration non-relaxation internal friction processes have disappeared and intensity
of relaxation processes has decreased (20-25%).
Amplitude dependence of internal friction and shear modulus of undoped and Co and
Ni doped β–rhombohedral boron have been studied in the interval of 1.10-5-5.10-3
amplitude deformation at different fixed temperatures. Multistage character of
changes of abovementioned characteristics has been revealed. Critical values of
amplitude deformation separating of adjacent stages have been determined and the
values of elastic limit have been estimated. It has been established, that doping by
nickel and cobalt causes decrease of the values of critical amplitude deformation by
~15%-, at high amplitudes  (>1.10-3) absolute value of shear modulus decreases. The
value of critical amplitude of beginning micro-plastic deformation has been
determined at 200ºC temperature. Peculiarities of changing of the values of critical
amplitude deformation, shear modulus and elastic limit at high temperatures have
xbeen studied. It has been shown, that doped β–rhombohedral boron has been
characterized by increased absolute values of shear modulus at high temperatures.
According to known theory, detection of amplitude dependences of internal friction
and mechanical module has been stipulated by interaction of dislocations and point
defects (impurity atoms, vacancies, complexes) in solid states. These interaction has
caused strengthening in metals and alloys. In deeply doped semiconductors instead of
“strengthening“, ”softening” has taken place by electronic bonds saturation  of
dislocation and respectively, increasing of its mobility.
Reasons of decreasing of activation energy of dislocation origin defects (deformation
twinnings, faults stacking) and increasing of absolute shear modulus of β–
rhombohedral boron have been analyzed.
As the reason of increasing of shear modulus has been considered formation of strong
Me-B electronic bonds, near of  dopant cobalt and nickel atoms , in the volume free
from dislocations. Decreasing of activation characteristics of dislocation origin
relaxation processes, can be stipulated by weakening of electronic bonds of partial
dislocation cores of stacking faults and twinning dislocations, participating in
processes of  energy scattering.
Microscopic mechanisms of non-relaxation and relaxation processes of internal
friction of β–rhombohedral boron, doped by nickel and cobalt have been presented:
• Migration of deformation twinnings boundary on the {100} crystallographic
plane by generation and expansion of ring on surface twinning dislocation in the
field of periodical external stress (~250ºC).
• Reversible changes of configuration and composition of complexes formed with
carbon, oxygen and boron atoms , located in the  deformation twinnings boundary
by the simultaneous influence of temperature and mechanical stress(300-350 ºC).
• Reversible pressing-expansion of stacking faults, located on crystallographic
planes of {100} system in the field of periodic external stress.
It has been experimentally established, that changes in wide range of mobility of
stacking faults and twinning dislocations, characteristics of microplastic deformation
and elastic limits of β–rhombohedral boron are possible by the doping of cobalt and
nickel,  hightemperature thermal treatment and hightemperature  torsion deformation .
Peculiarities of changes of real structure ,  electrophysical , thermal and  physical-
mechanical properties, established in condition of  doping by transitive metals,
thermal treatment and deformation  can be applied for creating of new alloys and
compositioned  materials and profiled samples, based on boron  for new functional
devices and equipments.
xi
madliereba
usazRvro madlierebas gamovxatav sadisertacio naSromis
xelmZRvanelis, fiz.-maT. mecn. doqtoris, sruli profesoris
giorgi darsaveliZis mimarT doqtoranturaSi swavlisa da
disertaciaze muSaobis periodSi gaweuli pedagogiuri da
mecnieruli xelmZRvanelobisaTvis.
guliTad madlobas vuZRvni ferdinand TavaZis metalurgiisa da
masalaTmcodneobis institutis koleqtivs eqsperimentuli
samuSaoebisa da Sedegebis analizis procesSi gaweuli
daxmarebisa da mxardaWerisaTvis.
margalita darCiaSvili.
12
sarCevi
cxrilebis nusxa .............................................................................................. 14
naxazebis nusxa .................................................................................................15
Sesavali .............................................................................................................. 17
1. literaturuli mimoxilva ............................................................. 23
1.1. boris miRebis meTodebi .........................................................................23
1.2. boris struqturuli modifikaciebi ................................................. 24
1.2.1. α-romboedruli bori ..........................................................................24
1.2.2. tetragonaluri bori ...........................................................................25
1.2.3. β-romboedruli bori ............................................................................27
1.3. struqturuli defeqtebi borSi ......................................................... 30
1.4. boris legirebis meTodebi ..................................................................32
1.5. legirebuli boris fizikur-meqanikuri Tvisebebi ...................... 34
1.5.1. eleqtrogamtaroba................................................................................... 34
1.5.2. siTbogamtaroba ........................................................................................ 37
1.5.3. Termuli gafarToeba ............................................................................39
1.5.4. meqanikuri Tvisebebi ............................................................................. 40
1.5.5. meqanikuri relaqsaciuri procesebi .............................................. 43
2. Sedegebi da maTi gansja ...................................................................48
2.1. kobaltiTa da nikeliT legirebuli β-romboedruli
boris miReba da kvlevis meTodebi .......................................................... 48
2.1.1. legirebuli kristalebis miReba .................................................... 48
2.1.2. mikrostruqturuli analizi ............................................................. 49
2.1.3. mikrosisalis gansazRvra ...................................................................49
2.1.4. Termuli gafarToebis kvleva .......................................................... 50
2.1.5. eleqtrofizikuri maxasiaTeblebis gazomva ............................... 52
2.1.6. Sinagani xaxunisa da Zvris modulis gazomva ............................ 52
2.2. kobaltiTa da nikeliT legirebuli β-romboedruli
boris struqtura da fizikur-meqanikuri Tvisebebi ......................... 56
2.2.1. mikrostruqtura....................................................................................... 56
2.2.2. eleqtrofizikuri Tvisebebi .............................................................. 63
2.2.3. Termuli gafarToebis temperaturuli damokidebuleba .......65
13
2.2.4. kobaltiTa da nikeliT legirebis gavlena β-romboedruli
boris kristalebis mikrosisalesa da Zvris modulze ................... 70
2.3. kobaltiT da nikeliT legirebis gavlena β-romboedruli
boris aradrekad Tvisebebze ......................................................................73
2.3.1. polikristaluri β-romboedruli boris aradrekadi
Tvisebebi............................................................................................................... 74
2.3.2. kobaltiT legirebuli β-romboedruli boris kristalebis
Sinagani xaxunisa da Zvris dinamiuri modulis temperaturuli
damokidebuleba ............................................................................................... 84
2.3.3. nikeliT legirebuli β-romboedruli boris kristalebis
Sinagani xaxunisa da Zvris dinamiuri modulis temperaturuli
damokidebuleba ............................................................................................... 98
2.3.4. B-Co sistemis Senadnobebis Sinagani xaxunisa da Zvris
modulis amplituduri damokidebuleba ............................................... 108
2.3.5. B-Ni sistemis Senadnobebis Sinagani xaxunisa da Zvris
modulis amplituduri damokidebuleba ............................................... 116
daskvna ............................................................................................................... 129
gamoyenebuli literatura ..........................................................................132
14
cxrilebis nusxa
cxrili 1. Sinagani xaxunis maqsimumebi β-romboedrul borSi .....44
cxrili 2. legirebuli β-boris kristalebis
eleqtrofizikuri maxasiaTeblebi ........................................................... 64
cxrili 3. wrfivi Termuli gafarToebis koeficientis
mniSvnelobebi ...................................................................................................68
cxrili 4. legirebuli β-boris kristalebis mikrosisale
da Zvris moduli ............................................................................................. 71
cxrili 5. polikristaluri β-boris fizikur-meqanikuri
maxasiaTeblebi .................................................................................................75
cxrili 6. polikristaluri β-boris fizikur-meqanikuri
maxasiaTeblebi 300-1000K intervalSi ..................................................... 80
cxrili 7. kobaltiT legirebuli β-boris Senadnobebis
Sinagani xaxunis maqsimumebis aqtivaciuri maxasiaTeblebi ...........88
cxrili 8. nikeliT legirebuli β-boris Senadnobebis
Sinagani xaxunis maqsimumebis aqtivaciuri maxasiaTeblebi ............. 99
cxrili 9. B+0,5at%Co Senadnobis fizikur-meqanikuri
maxasiaTeblebi fiqsirebul temperaturebze .......................................115
cxrili 10. B-Ni SenadnobebSi dislokaciis bmis energiis
maxasiaTeblebi .................................................................................................119
cxrili 11. polikristaluri B-Ni Senadnobebis dinamiuri
meqanikuri maxasiaTeblebi ...........................................................................123
15
naxazebis nusxa
nax. 1. β-romboedruli boris elementaruli ujredis sqema...........28
nax. 2. induqciuri gadamwodiT momuSave dilatometris
bloksqema ...........................................................................................................51
nax. 3. grexiTi rxevebis Sinagani xaxunis gamzomi danadgaris
sqema........................................................................................................................ 55
nax. 4. aralegirebuli β-romboedruli boris kristalebis
mikrostruqtura x400 ..................................................................................... 57
nax. 5. B+1,2at%Co kristalebis mikrostruqtura x400 ...................... 59
nax. 6. B+1,5at%Ni kristalebis mikrostruqtura x400 ....................... 60
nax. 7. β-boris kristalebis mikrostruqturis rastruli
eleqtronul-mikroskopuli gamosaxulebebi ........................................60
nax. 8. B+1.2at%Co kristalebis mikrostruqturis rastruli
eleqtronul-mikroskopuli gamosaxulebebi ........................................61
nax. 9. B+1.5at%Ni kristalebis mikrostruqturis rastruli
eleqtronul-mikroskopuli gamosaxulebebi ........................................62
nax. 10. fardobiTi wagrZelebis temperaturuli
damokidebulebebi ......................................................................................... 66
nax. 11. legirebis gavlena β-boris wrfivi gafarToebis
koeficientis temperaturul damokidebulebaze ................................ 67
nax. 12. polikristaluri β-boris Sinagani xaxunis
temperaturuli damokidebuleba ............................................................... 74
nax. 13. polikristaluri β-boris Zvris modulis
temperaturuli damokidebuleba 77-300K intervalSi ....................... 76
nax. 14. polikristaluri β-boris Sinagani xaxunis
speqtri 300-1000K intervalSi ......................................................................78
nax. 15. polikristaluri β-boris Zvris modulis
temperaturuli speqtri 300-900K intervalSi ......................................82
nax. 16. kobaltiT legirebuli β-boris Sinagani xaxunis da
Zvris modulis temperaturuli speqtri ............................................... 86
nax. 17. kobaltiT legirebuli boris Sinagani xaxunis
speqtri temperaturis 300-1000K intervalSi .........................................89
nax. 18. kobaltiT legirebuli β-boris Zvris modulis
temperaturuli damokidebuleba 300-1000K intervalSi .................... 96
nax. 19. nikeliT legirebuli β-boris Sinagani xaxunis
temperaturuli damokidebuleba ............................................................... 98
16
nax. 20. nikeliT legirebuli β-boris Zvris modulis
temperaturuli damokidebuleba ............................................................... 102
nax. 21. nikeliT legirebuli β-boris Sinagani xaxunis
maRaltemperaturuli speqtri ...................................................................103
nax. 22. nikeliT legirebuli β-boris Zvris modulis
temperaturuli damokidebuleba ............................................................... 107
nax. 23. B+0,5at%Co Senadnobis Sinagani xaxunis
amplituduri damokidebuleba fiqsirebul temperaturebze .........109
nax. 24. B+0,5at%Co Senadnobis Zvris modulis amplituduri
damokidebuleba fiqsirebul temperaturebze .....................................113
nax. 25. B-Ni Senadnobebis Zvris modulis amplituduri
damokidebuleba ............................................................................................... 118
nax. 26. B-Ni SenadnobebSi kritikuli amplituduri
deformaciis temperaturuli damokidebuleba ...................................119
nax. 27. B-Ni Senadnobebis Sinagani xaxunis amplituduri
damokidebuleba ............................................................................................... 120
17
Sesavali
maRali meqanikuri Tvisebebi, radiaciuli maxasiaTeblebi,
eleqtruli, optikuri, Termuli da gamoyenebiTi daniSnulebis
fizikur-qimiuri Tvisebebi ganapirobeben β-romboedruli modifi-
kaciis boris axal kompoziciur masalebSi, naxevargamtarul
xelsawyoTmSeneblobasa da radiaciulad medeg konstruqciebSi
gamoyenebis maRal SesaZleblobebs.
literaturuli analizi cxadyofs boris gamoyenebis perspeqtu-
lobas axali teqnikis sxvadasxva mowyobilobebSi:
• maRaltemperaturuli naxevargamtaruli xelsawyoebi (Termore-
zistorebi, ukontaqto gadamrTvelebi, neitronuli Termomet-
rebi, winaaRmdegobebi maRali temperaturuli koeficientiT);
• infrawiTeli gamosxivebis gamWvirvale fanjrebi;
• Tburi neitronebis  kristaluri mTvlelebi;
• birTvuli reaqtorebisa da izotopuri wyaroebis siTburi
energiis gardamqmnelebi;
• mtkice da myife masalebis saxexi mowyobilobebi (nacvlad
boris karbidisa da korundisa).
Tanamedrove maRal teqnologiur mowyobilobebsa da sistemebSi
gamoyenebis perspeqtivebis gansazRvrisaTvis mniSvelovania
marTvadi fizikuri Tvisebebis mqone boris ultradispersuli
fxvnilebis, p- da n-tipis  legirebuli monokristaluri Zafebis,
epitaqsiuri firebisa da masiuri nimuSebis miRebis teqnologiuri
procesebis kvleva, miRebuli masalebis struqturuli mdgomare-
obisa da struqturulad-mgrZnobiare Tvisebebis cvlilebaTa
kanonzomierebebis dadgena. gansazRvruli eleqtrofizikuri
Tvisebebis p- da n-tipis  legirebuli β-romboedruli boris
monokristaluri masiuri nimuSebisa da Txeli firebis miRebis
problemis gadaWra warmoaCens axal SesaZleblobebs boris
fuZeze naxevargamtaruli funqcionaluri mowyobilobebisa da
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xelsawyoebis Sesaqmnelad. β-romboedruli boris legirebuli
monokristalebi perspeqtulia rentgenisa da neitronebis
gamosxivebis monoqromatorebad gamoyenebisaTvis, xolo polikri-
staluri namzadebisagan SesaZlebelia damuSavdes maRalefeqturi
maRaltemperaturuli Termoeleqtruli gardamqmnelebi.
fundamenturi kvlevebis TvalsazrisiT aSkarad arasakmarisi
moculobiTa da siRrmiT aris Seswavlili boris struqturuli
modifikaciebisaTvis  damaxasiaTebeli wertilovani, planaruli
da wrfivi defeqtebis kristalogeometriuli da energetikuli
parametrebi, defeqtebis Termuli mdgradoba da eleqtruli
aqtivoba da maTi gavlena struqturulad-mgrZnobiare fizikur-
meqanikur Tvisebebze. praqtikulad Seuswavlelia Termuli,
meqanikuri da radiaciuli zemoqmedebiT β-romboedruli boris
struqturuli mdgomareobisa da struqturulad- mgrZnobiare
fizikuri Tvisebebis maxasiaTeblebis cvlilebaTa
kanonzomierebani.
Tanamedrove teqnikis sxvadasxva dargSi gamoyenebis maRali
perspeqtuloba ganapirobebs β-romboedruli boris p- da n-tipis
legirebuli kristalebis struqturis, eleqtrofizikuri da
fizikur-meqanikuri Tvisebebis kompleqsurad Seswavlis
aucileblobasa da aqtualobas.
naSromis mizans warmoadgens kobaltiTa da nikeliT cal-calke
legirebuli β-romboedruli boris masiuri kristalebis miReba,
mikrostruqturis, eleqtrofizikuri, Termuli da fizikur-meqani-
kuri Tvisebebis kompleqsuri kvleva; legirebis, maRaltempera-
turuli Termuli da meqanikuri zemoqmedebis gavleniT
mikrostruqturis, struqturuli defeqtebis aqtivaciis,
eleqtruli, meqanikuri da aradrekadobis maxasiaTeblebis
cvlilebaTa kanonzomierebis dadgena. D
dasaxuli miznis misaRwevad warmodgenil naSromSi gadaWrilia
Semdegi amocanebi:
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• kobaltiTa da nikeliT legirebuli β-romboedruli boris
kristalebis miReba vakuumur eleqtrowinaRobis RumelSi
gadnobiT;
• kobaltiTa da nikeliT legirebuli boris kristalebis
mikrostruqturis, mikrosisalisa da eleqtrofizikuri
maxasiaTeblebis gamokvleva;
• kobaltiTa da nikeliT legirebuli boris kristalebis
Termuli gafarToebis temperaturuli damokidebulebis
Seswavla;
• kobaltiTa da nikeliT legirebuli boris kristalebis
grexiTi rxevebis dabal sixSirul diapazonSi (0,5-5,0hc)
Sinagani xaxunisa da Zvris dinamiuri modulis temperaturuli
da amplituduri damokidebulebebis Seswavla;
• kobaltiTa da nikeliT legirebuli boris kristalebSi
grexiTi rxevebis energiis gabnevis relaqsaciur da
histerezisul procesebSi monawile struqturuli defeqtebis
Casaxvis, moZraobis aqtivaciisa da urTierTqmedebis
maxasiaTeblebis dadgena;
• kobaltisa da nikelis koncentraciis, maRaltemperaturuli
Termuli damuSavebisa da deformaciis gavleniT legirebuli
β-romboedruli boris kristalebis struqturuli defeqtebis
energetikuli maxasiaTeblebis cvlilebaTa kanonzomierebebis
kvleva Sinagani xaxunis meTodiT;
• kobaltiTa da nikeliT legirebuli boris kristalebis
oreulovani zedapiruli dislokaciebis maxasiaTeblebis,
Zvris modulisa da drekadobis zRvris absoluturi
sidideebis gansazRvra.
naSromis mecnieruli siaxle mdgomareobs SemdegSi:
 miRebulia p-tipis kobaltiTa da p- da n-tipis nikeliT
legirebuli β-boris kristalebi;
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 Seswavlilia kobaltiTa da nikeliT legirebisa da Termuli
damuSavebis gavlena β-romboedruli boris kristalebis
eleqtrogamtarobis tipisa da mniSvnelobebis temperaturul
damokidebulebaze;
 optikuri mikroskopiT Seswavlilia kobaltiTa da nikeliT
legirebuli β-romboedruli boris polikristaluri
struqtura da masSi dispersuli fazebisa da oreulebis
ganawilebis xasiaTi;
 Seswavlilia kobaltisa da nikelis koncentraciisa da Ter-
muli damuSavebis gavlena legirebuli β-romboedruli boris
Termuli gafarToebis maxasiaTeblebis temperaturul
damokidebulebaze;
 Seswavlilia legirebuli β-romboedruli boris kristalebis
Sinagani xaxunisa da Zvris dinamiuri modulis temperaturuli
damokidebulebebi da gansazRvrulia relaqsaciur procesebSi
monawile oreulebis zedapiruli dislokaciebisa da wyobis
defeqtebis moZraobis aqtivaciuri maxasiaTeblebi;
 β-romboedrul borSi malegirebeli metalebis koncentraciis
1017-5.1019sm-3 intervalSi gamovlenilia Sinagani xaxunisa da
Zvris dinamiuri modulis rxevis amplitudisagan
mravalstadiuri damokidebuleba da gansazRvrulia rxevis
amplitudis kritikuli mniSvnelobebi, Zvris dinamiuri
modulisa da drekadobis zRvris absoluturi sidideebi;
 Seswavlilia legirebisa da Termuli damuSavebis gavlena
β-romboedrul borSi ararelaqsaciuri da histerezisuli
tipis Sinagani xaxunis procesebis maxasiaTeblebze.
naSromSi warmodgenili kvlevis Sedegebis praqtikuli
Rirebuleba mdgomareobs SemdegSi:
• kobaltiTa da nikeliT legirebis, Termuli damuSavebisa da
deformaciis gavlenis Seswavlis Sedegebi mniSvnelovania
gansazRvruli eleqtrofizikuri maxasiaTeblebis, Termuli da
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meqanikuri Tvisebebis mqone legirebuli β-romboedruli boris
kristalebis miRebisaTvis.
• kobaltisa da nikelis koncentraciis, Termuli damuSavebis
temperaturisa da rxeviTi deformaciis farTo diapazonebSi
eleqtrofizikuri maxasiaTeblebis cvlilebaTa dadgenil
kanonzomierebaTa safuZvelze SesaZlebelia boris fuZeze
axali Senadnobebis  fizikur-meqanikuri Tvisebebis prognozi-
rebisa da marTvis problemis gadaWra.
• damaxasiaTebeli struqturuli defeqtebis moZraobis
aqtivaciuri parametrebis gansazRvra, Zvris dinamiuri
modulisa da drekadobis zRvris mniSvnelobebis cvlilebebis
dadgenili kanonzomierebani SesaZlebelia gamoyenebuli iqnas
β-romboedruli boris fuZeze miRebuli Senadnobebis
plastikurobisa da simtkicis Teoriis dasamuSaveblad.
• kobaltiTa da nikeliT legirebuli β-boris kristalebis
drekadi deformaciisa da mikroplastikurobis dadgenili
maxasiaTeblebi mniSvnelovania boris fuZeze axali
maRaltemperaturuli naxevargamtaruli xelsawyoebisa da
mowyobilobebis teqnologiuri da fizikuri parametrebis,
aseve maTi saeqspluatacio maxasiaTeblebis, saimedoobisa da
moqmedebis xangrZlivobis dasadgenad.
eqstremalur pirobebSi momuSave Tanamedrove maRalteqnologiur
mowyobilobebSi gamoyenebisaTvis didi mniSvneloba aqvs defeqte-
bis minimaluri Semcvelobis p- da n-tipis β-romboedruli boris
legirebuli monokristalebis miRebis problemis gadaWras. es
xels Seuwyobs maRal temperaturebze statikuri da dinamiuri
deformaciis, ultraiisferi da γ-gamosxivebis, maRali energiis
nawilakebis radiaciisadmi medegi naxevargamtaruli masalebisa
da xelsawyoebis teqnologiebis srulyofasa da ganviTarebas.
aRniSnuli teqnologiuri problemebis gadawyvetiT SesaZlebeli
iqneba maRali albaTobiT dadgindes  legirebuli
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β-romboedruli boris struqturisa da struqturulad-
mgrZnobiare fizikur-meqanikuri Tvisebebis cvlilebebis
mikroskopuli meqanizmebi da Sefasdes sakonstruqcio,
kompoziciur da naxevargamtarul masalebad maTi gamoyenebis
perspeqtivebi.
winamdebare naSromSi miRebuli Sedegebi  mniSvnelovan wvlils
Seitans aRniSnuli problemebis gadawyvetaSi.
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1. literaturuli mimoxilva
1.1. boris miRebis meTodebi
cnobilia boris miRebis ramdenime meTodi: 1. boris naerTebis
(oqsidebi, halogenidebi da ftoridebi) aRdgena Sesabamisi
metaliT; 2. boratebis (magniumis borati, kaliumis ftorborati)
aRdgena eleqtroliziT; 3. boris halogenidebis aRdgena
wyalbadiT; 4. borwyalbadis da halogenidebis Termuli daSla.
boris miRebis yvelaze gavrcelebuli meTodia  magniumTermuli
aRdgena. procesi mimdinareobs 600-800°С temperaturebze Semdegi
reaqciiT B2O3+3Mg→2B+3MgO. Sedegad  miiReba 90% sisufTavis
amorfuli bori. tute-boriduli da ftor-qlorboriduli
nadnobebidan eleqtrolizuri aRdgeniT miiReba 95% sisufTavis
bori, romelic Seicavs teqnologiurad Znelad mosacilebel
boris intermetalur naerTebs. aRniSnuli meTodi warmoadgens
rTul da xangrZliv process da praqtikuli TvalsazrisiT
naklebad perspeqtulia. boris halogenidebis wyalbadiT aRdgena
saSualebas iZleva bori gasufTavdes metaluri da arametaluri
minarevebisagan. procesi mimdinareobs Semdegi reaqciiT
2BX3+3H2→2B+6HX, sadac X-halogenia.  Sedegad miiReba 99,8%
sisufTavis bori. maRali sisufTavis (99,999%) boris miiReba
SesaZlebelia 800-1200°С temperaturebamde gaxurebul boris
Zafebze BBr3-is wyalbadiT aRdgenisas [1, 2].
aRniSnuli meTodebiT miRebuli bori saWiroebs minarevebisagan
gasufTavebas, rac SesaZlebelia ganxorcieldes _ horizontalu-
ri zonuri dnobiT, Coxralskis meTodiT an utigelo zonuri
dnobiT (eleqtronul sxivuri gaxurebiT). dnobis zonuri
meTodis gamoyeneba naklebad efeqturia, radgan dnobebisaTvis
gamosadegia mxolod ZviradRirebuli maRal temperaturaze
mdgradi (~2200°С) tigelebi [3-5].
utigelo zonuri dnobisaTvis sadnobi masala mzaddeba boris
fxvnilis dawnexviT, Semkvrelad gamoiyeneba boris mJava. rogorc
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maRali radialuri temperaturuli gradientis gamo aRniSnuli
meTodiT miRebuli kristalebi didi raodenobiT Seicaven
struqturul defeqtebs. maTi koncentraciis Semcireba
SesaZlebelia dnobis procesSi kristalSi maRali sididis
mudmivi  denis aRZvriT. minimaluri raodenobis struqturuli
defeqtebiT (dislokaciebi da oreulebi) boris monokristalebis
miReba SesaZlebelia agreTve plazmuri damuSavebiT [6, 7].
miuxedavad calkeuli miRwevebisa, maRali sisufTavis boris
masiuri kristalebis miReba dRemde sirTules warmoadgens.
SesaZlebelia es ganpirobebulia boris atomis aramdgradi
konfiguraciis (S2P) miswrafebiT energetikulad ufro mdgradi
konfiguraciisaken (SP3). aRniSnuli Tvisebis gamo boris atomebi
advilad miitaceben minarevebis savalento eleqtronebs.
1.2. boris struqturuli modifikaciebi
bori SeiZleba arsebobdes amorful da kristalur mdgomare-
obaSi. kristaluri bori xasiaTdeba α- da β-romboedruli da α- da
β-tetragonaluri struqturuli modifikaciebiT. teqnologiur
procesSi 1200°C-mde miiReba α-romboedruli modifikaciis boris
kristalebi, 1700°C-ze zeviT miiReba β-romboedruli bori, xolo
1200-1700°C temperaturul SualedSi SeiniSneba boris sxvadasxva
modifikaciis narevi [8].
1.2.1. α-romboedruli bori
boris struqturul modifikaciebs Soris α-romboedruli
modifikacia yvelaze martivi struqturiT xasiaTdeba da
mdgradia 1200°C-mde. maRal temperaturebze is metastabiluria da
1500°C-is maxloblobaSi gadadis β-romboedrul modifikaciaSi.
α-romboedruli boris kristaluri struqtura miekuTvneba
sivrciT R3m jgufs. misi elementaruli ujredis parametrebia:
a=5,057±0,003Å, α=58,06±0,05°. atomebis raodenoba Seadgens Z=12.
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romboedris TiToeul wveroze ganTavsebulia ikosaedris
centrebi. ikosaedrebi ise arian orientirebuli, rom maTi mesame
rigis simetriis RerZi mimarTulia romboedris mTavari
diagonalis [111] gaswvriv. heqsagonalur aspeqtSi struqtura
SeiZleba ganxiluli iqnas, rogorc (001) bazisuri sibrtyis
paraleluri ikosaedrebisgan Semdgari fenebis erToblioba.
ikosaedrebi fenebs Soris dakavSirebuli arin 1,71Å sigrZis eqvsi
kovalenturi bmiT, xolo bazisur sibrtyeze - 2,03Å sigrZis e.w.
Δ-bmiT, romelic warmoadgens wesieri samkuTxedis wveroebs
Soris ori savalento eleqtroniT ganxorcielebul samcentrian
bmas [9, 10].
elementaruli ujredis romboedris mTavari diagonalis 1b da 2c
kristalografiul poziciaSi arseboben sicarieleebi. maTSi
SesaZlebelia ganTavsdnen sxvadasxva elementis atomebi. mag. C, Si,
P, As, O, S, Al-is atomebi ikaveben samcentriani Δ-bmis adgils da
romboedris mTavari diagonalis gaswvriv warmoqmnian C-B-C an P-P
tipis atomebisagan Semdgar jaWvs, romlis ganapira atomebi
mezobeli ikosaedrebis atomebTan qmnian kovalentur kavSirebs.
α-romboedruli bori sxva modifikaciebTan SedarebiT xasiaTdeba
maRali simkvriviT (2,46g/sm3). misi kristaluri meseri mxolod
37%-iT aris Sevsebuli atomebiT [11].
1.2.2. tetragonaluri bori
cnobilia boris ori tetragonaluri modifikacia α da β. α-
tetragonaluri modifikacia ar warmoadgens sufTa bors, is
ganixileba rogorc boris fuZeze miRebuli naerTi, romelic
stabilizebulia Jangbadis, azotisa an beriliumis atomebiT  [12].
α-tetragonaluri boris kristaluri mesris parametrebia- a=8,75Å
c=5,06Å da miekuTvneba P42/nnm sivrciT jgufs. misi simkvrivea
2.29g/sm3, elementaruli ujredi Sedgeba boris 50 atomisagan,
romlebic dajgufebuli arian 4(c) simetriis 2m (1/4 1/4 1/4,¼3/4 3/4
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1/4 da 1/4 3/4 3/4) poziciebSi. ikosaedrebi erTmaneTTan
dakavSirebuli arian pirdapiri B-B bmiT da 2b (0 0 1/2, 1/2 1/2 0)
poziciaSi mdebare ori izolirebuli atomiT (B, С, N an Be).
TiToeul ikosaedrs gaaCnia gareT mimarTuli 12 bma, romelTagan
aTi mimarTulia mezobeli ikosaedris Semadgeneli boris
atomebisaken, xolo ori 2(b) poziciaSi arsebuli calkeuli
atomisaken.  misi sruqturuli formulaa 4B12+2·B2+(0,37±0,75)B [13].
α-tetragonaluri bori warmoadgens (B12)4B2C2 Sedgenilobis
naxSirbadiT stabilizirebul fazas, sadac naxSirbadis atoms
ukavia centraluri 2(b) pozicia. aRniSnul poziciaSi naxSirbads
SeiZleba Caenacvlos azoti, titani, vanadiumi, nikeli an
beriliumi. α-tetragonaluri boris mesris parametrebia:
a=8,74-8,77Å, c=5,03-5,09Å. dReisaTvis dadgenilia, rom α-tetragona-
luri boris kristaluri mesris stabilizacias axorcieleben
ara boris, aramed naxSirbadis, titanis, vanadiumis, nikelis an
beriliumis atomebi [12, 14-20].
β-tetragonaluri bori miiReba maRali sisufTavis boris
bromidis wyalbadiT aRdgenis Sedegad _ volframis an reniumis
Zafebze 1000K temperaturaze da tantalis Zafebze 950-1350°С
temperaturul intervalSi. β-tetragonaluri boris kristaluri
mesris parametrebia a=10,14Å, c=14,17Å, sivrciTi jgufi P4, an P43,
simkvrive- 2,36g/sm3, elementaruli ujredi Sedgeba boris 190
atomisagan. B12 da B28 struqturul erTeulebs Soris gamovleni-
lia Sualeduri B21 ikosaedri. β-tetragonaluri boris elementa-
ruli ujredi Sedgeba rva B12, oTxi B21 ikosaedrisa da aTi
boris izolirebuli atomisagan. misi struqturuli formula
gamoisaxeba Semdegnairad 4B218B1210B. atomebs Soris saSualo
manZili B12 ikosaedrSi aris 1,799Å, B21 ikosaedrSi- 1,813Å, xolo
(B12-B12), (B21-B21) da (B12-B21) qveujredebs Soris Sesabamisad- 1,751Å,
1,724Å da 1,785Å. boris β-tetragonaluri modifikacia sxva modi-
fikaciebTan SedarebiT yvelaze naklebadaa Seswavlili [21-23].
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1.2.3. β-romboedruli bori
β-romboedruli boris struqtura, iseve rogorcA α-romboedruli
boris, miekuTvneba sivrciT R3m jgufs. β-romboedruli bori
pirvelad miRebulia 1957wels [24].
β-romboedrul borSi ZiriTad struqturul elements
warmoadgens 12 atomisgan Semdgari ikosaedri B12. 99,5% sisufTa-
vis boris kristalis romboedruli elementaruli ujredis
parametrebia a=10,145±0,015Å da α=65°17´±8  [25].
β-romboedruli boris struqturuli erTeuli Sedgeba cameti B12
ikosaedrisagan, romlebic maqsimalurad simetriulad arian
dakavSirebuli erTmaneTTan. Tu miviCnevT, rom r=1,71Å da c=1,80Å
warmoadgenen Sesabamisad ikosaedris radiussa da wibos, maSin
ikosaedrebs Soris bmis sigrZe iqneba l=1,7Å. meoradi
ikosaedrebis centrebi ganlagebulia 4r+2c=10,145Å diametris
mqone sferos zedapirze. aRniSnuli sferos SigniT moTavsebulia
boris 84 atomisgan Sedgenili B84 subujredi; centraluri B12
ikosaedri radialuradaa dakavSirebuli danarCen 12 naxevrad
ikosaedrTan anu pentagonalur piramidebTan. 60 periferiuli
atomi ganlagebulia urTierTdakavSirebul 12 pentagonalur da
20 heqsagonalur waxnagze, da qmnis B84 subujredis sferul
zedapirs. centraluri B12 ikosaedri mcired SekumSulia, xolo
masTan dakavSirebuli ikosaedrebi Sesabamisad mcired
gafarToebuli.
β-romboedruli boris elementaruli ujredi SesaZlebelia
warmodgenili iqnas P-poliedriT, romelic Seesabameba B12(B6)12
ujreds, masSi SenarCunebulia centraluri ikosaedris B12
simetriuloba. B84 subujredis fsevdo-kompaqturi fenebi,
romlebic meeqvse rigis simetriis RerZis perpendikularulad
arian ganlagebuli, qmnian oqtaedrul sicarieleebs, romlebic
Sevsebulia damatebiTi atomebiT da qmnian boris 10 atomis
Semcvel or axal poliedrs. zemoT aRniSnulidan gamomdinare β-
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romboedruli boris elementaruli ujredis struqturuli
formula iRebs Semdeg saxes B84+2B10+B. unda aRiniSnos, rom
boris atomebis daaxloebiT 80% ganTavsebulia TiTqmis
idealuri orientaciis P-poliedris wveroebze, rac ganapirobebs
β-romboedruli boris Termulad maRal mdgradobas _ struqtura
mdgradia dnobis temperaturamde (~2200°C) [26, 27].
β-romboedruli boris kristaloqimiuri analizis mixedviT,
boris atomis gasaSualoebuli kovalenturi radiusi Seadgens
~0.88Å-s. Tu boris atomebs ganvixilavT aseTi radiusis
sferoebad, maSin aRmoCndeba, rom boris kristalSi mTeli
moculobis mxolod ~ 36.5 % Seivseba regularul kvanZebSi
ganTavsebuli atomebiT. amis gamo β-romboedruli boris
uaRresad rTul kristalur meserSi (nax. 1) arsebobs didi
Tavisufali sivrce minarevebis gansaTavseblad.
nax. 1. β-romboedruli boris elementaruli ujredis sqema.
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β-romboedrul borSi ganixilaven kvanZTaSorisi sicarieleebis 8
gansxvavebul tips: A(1), A(2), A(3), D, E, F(1), F(2) da G. aRniSnul
sicarieleebSi Canergili minarevebis atomebisaTvis uaxloes
mezoblebad miiCneva, upirveles yovlisa, mesris regularul
kvanZebSi myofi atomebi, agreTve boris zogierTi
araregularuli da zogierTi minarevis atomi.
β-romboedruli boris elementarul ujredSi A(1) tipis 2
sicarielea. isini ganlagebulia B84 subujredSi centraluri
ikosaedris samkuTxa waxnagebis gareT. maT damaxinjebuli
tetraedris forma aqvT da TiToeuli maTgani garSemortymulia
4 ikosaedriT B12. A(1) tipis  sicarieleebSi myof atoms boris 12
uaxloesi mezobeli gaaCnia. isini erTgvarad araeqvivalentur
poziciebSiDimyofebian saSualod 2.17Å-is tol manZilze. garda
amisa, sami mezobeli SeiZleba mdebareobdes nawilobriv
Sevsebul araregularul kvanZebSi B(16); da kidev sami da erTi
minarevuli atomi D sicarieleSi sxvadasxva manZilebze [26].
arsebobs A(2) tipis 6 sicariele, romlebic agreTve mdebareoben
B84 subujredSi, centraluri ikosaedris gareT. aq Canergil
atoms 12 uaxloesi mezobeli hyavs saSualod 2.10Å-is tol
manZilze.
A(3) tipis 12 sicarielea B84 subujredis gareT, isini dodekaed-
rulad ertymian gars centralur ikosaedrs. romelime amgvar
sicarieleSi Canergil atoms gaaCnia boris 12 uaxloesi
mezobeli atomi, daSorebuli 2.15Å-iT.
or SemWidroebul B10 subujreds Soris, arsebobs D tipis 6
sicariele, romlebic urTierTdakavSirebulia B(15) atomiT da
elementaruli romboedris wiboebis SuaSi ganlagebuli ori
ikosaedriT. es sicarieleebi gars ertymian elementaruli
ujredis centralur atoms da mdebareoben romboedris didi
diagonalis marTobul sibrtyeSi. D tipis sicarielis centri
zustad araa gansazRvruli: aq Canergil atoms SeuZlia 2 (an 3)
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gansxvavebuli poziciis dakaveba. erT SemTxvevaSi mas mxolod
erTi uaxloesi mezobeli gaaCnia 2.01Å-is tol manZilze, xolo
meoreSi-14 mezobeli, 2.36Å-ze. nebismier SemTxvevaSi manZili aq
Canergili atomidan nawilobriv Sevsebul B(13) kvanZamde bevrad
naklebi iqneba atomuri radiusebis Sesabamis jamTan SedarebiT.
maSasadame, aseTi tipis sicarieleebi xels uwyoben
struqturulad mouwesrigebeli mikroubnebis Seqmnas, radganac
atomis Canergva D-Si gaaCens vakansias B(13)-Si da, Sesabamisad,
gamoiwvevs mesris deformacias.
β-romboedruli boris elementarul ujredSi E tipis 2
sicarielea. isini ganlagebuli arian B10 SemWidroebul subuj-
redsa da 3 ikosaedrs Soris. aq Canergil minarevs 15 mezobeli
gaaCnia saSualod 2.38Å-is tol manZilze.
sicarieleebi F(1) da F(2) mdebareoben 2 mezobeli elementaruli
ujredis B10 SemWidroebul subujredsa da im 2 ikosaedrs Soris,
romlebic romboedris wiboebis SuaSi mdebareoben. F(1)-Si
Canergil atoms ori poziciis dakaveba SeuZlia. erT SemTxveaSi
mas gaaCnia 7 mezobeli 2.07Å manZilze, xolo meoreSi-ori
2.79Å-ze. analogiuri situaciaa F(2) sicarielisTvisac: 3
mezobeli 2.12Å manZilze da 13- 2.42Å-ze.
G sicariele mdebareobs A(1) sicarielis sarkul sibrtyeebSi B84
subujredis SigniT da CamokveTilia romboedris waxnagebis
sibrtyeebiT. aq pirvel da meore poziciebSi ganlagebul
minarevul atoms gaaCnia Sesabamisad, 8 da 6 uaxloesi mezobeli
saSualo manZilebze 1.82 da 2.58Å.
1.3. struqturuli defeqtebi borSi
struqturuli defeqtebi boris modifikaciebSi SedarebiT
naklebadaa Seswavlili. boris kristalur meserSi arsebobs didi
raodenobiT sicarieleebi anu forebi, amitom minarevebis atomebi
ZiriTadad Cainergebian gansazRvrul kvanZebs Soris, xolo
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iSviaTad Caenacvlebian ikosaedris wveroebSi arsebul boris
atomebs [26].
α-romboedruli boris kristalur meserSi sxvadasxva elementis
Canergvis Sedegad miiReba izostruqturuli naerTebi. aRniSnuli
naerTebi SeiZleba ganvixiloT, rogorc myari xsnarebi α-
romboedruli boris fuZeze. C, Si, P, O, As atomebi α-romboedruli
boris kristalur meserSi ikaveben 2c pozicias, Al, Zr, Lu, U, Tm, Er,
Ho, Y, Dy atomebi Cainergebian 1b poziciaSi, xolo Al da Si atomebi
Caenacvlebian boris atomebs 6h1 poziciaSi [28].
β-romboedruli boris elementaruli ujredis rva sicarielidan
minarevebis atomebi nawilobriv avseben mxolod or an sam
sicarieles. amis Sedegad β-romboedruli boris fuZeze miiReba
gansazRvruli Sedgenilobis maRalboriduli myari xsanarebi [29].
sxvadasxva kristaluri modifikaciis borSi dislokaciebis
Sesaxeb arsebobs mwiri informacia da isic mxolod
β-romboedruli boris kristalebisTvis. dislokaciebis
kristalografiuli da dinamikuri Tvisebebi dRemde ar aris
Seswavlili [30-34].
boris romboedruli struqturis Senadnobebisa da naerTebis
dislokaciuri struqturis Taviseburebebis SeswavlisaTvis didi
mniSvneloba eniWeba boris realuri struqturis eleqtronul-
mikroskopuli analizis Sedegebs. dadgenilia, rom neitronebiT
dasxivebis Sedegad vakansiebi erTiandebian da warmoqmnian
diskoebs, romlebic kritikuli zomis miRwevis Semdeg
ganizidebian da warmoqmnian uZrav dislokaciur maryuJebs e.w.
frankis maryuJebs. Sedegad bazisur {111} sibrtyeebSi Cndebian
ikosaedris vakansiebi [35, 36].
bori gamoirCeva oreulebis warmoqmnisadmi maRali midrekilebiT.
α-romboedruli boris struqturaSi oreulebi gamovlenilia {112}
da {100} sibrtyeebze, xolo α-tetragonalur borSi {130}
sibrtyeebze [37-39].
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β-romboedruli borSi oreulebi gamovlenilia {100} sibrtyeebze.
oreulebi SesaZlebelia aseve warmoiqmnas {511} sibrtyeebze.
laues meTodiT nimuSis texis zedapiris rentgenografiulma
kvlevam aCvena, rom zonuri dnobis dros β-romboedruli boris
monokristali xSirad izrdeba <211> mimarTulebiT, xolo
iSviaTad <112> mimarTulebiT. texis sibrtye emTxveva romboedris
(100) waxnags. aqedan gamomdinare texis orive nawili SeiZleba
ganxiluli iqnas rogorc  {100} sibrtyeebze arsebuli oreulebi
[40-44].
Seswavlilia lanTanis arasteqiometrul boridTan erTad
arsebuli fazis _ β-romboedruli boris oreulovani struqtura.
aRniSnuli defeqti formirdeba arawonasworul pirobebSi
swrafi gadacivebis dros. masSi gamovlenilia oreulovani
jgufebi, romlebic SesaZlebelia warmoadgendnen, wyobis
defeqtebs B84 subujredebisagan Sedgenil mWidrowyobis
struqturaSi [45, 46].
1.4. boris legirebis meTodebi
boris legireba mravali sxvadasxva xerxiT SeiZleba
ganxorcieldes. meTodis SerCeva damokidebulia malegirebel
elementsa da legirebis doneze. boris legireba sxvadasxva
metaliT SesaZlebelia: boris nadnobSi Sesabamisi metaluri
minarevis SetaniT; borisa da Sesabamisi metalis fxvnilebis
narevis dawnexili Zelakebis dnobiT [47].
legirebis meTodad miCneulia agreTve zonuri dnobis dros
uSualod gamdnar borSi metaluri minarevis Setana. rogorc
wesi, boris matricaSi ama Tu im meTodiT Setanili minarevebi
saWiroeben homogenizacias. magaliTad, naxSirbadiT legirebuli
kristalebis homogenizacias axorcieleben heliumis atmosferoSi
maRal temperaturaze mravalsaaTiani mowviT [48, 49].
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legirebis erT-erT gavrcelebul meTodad iTvleba komponentebis
Secxoba. aRniSnuli meTodiT boris legireba SesaZlebelia
iseTi elementebiT rogoricaa C, Cu, Hf da Zr [47].
siliciumiT legirebuli β-romboedruli boris misaRebad
amorfuli boris da siliciumis homogenizirebul narevs
aTavseben boris nitridis tigelSi da axdenen mowvas maRal
temperaturaze (~1800ºC) argonis atmosferoSi [50].
Ni-iT legireba SesaZlebelia winaswar Semcxvari saTanado kazmis
boris nitridis tigelSi dnobiT. Hf da Zr-is myari xsnarebis
misaRebad boris fxvnilis da Sesabamisi diboridis (HfB2 an ZrB2)
Semcxvar kazms 80-100sT. ganmavlobaSi axureben 1800ºC tempera-
turaze argonis atmosferoSi. boris legireba rkiniT SeiZleba
ganxorcieldes amorfuli boris da rkinis fxvnilebis narevis
maRaltemperaturuli SecxobiT argonis atmosferoSi [51-53].
legirebis gavrcelebuli meTodia tigelSi dnoba. am mizniT
gamoiyeneba winaaRmdegobis Rumelebi da boris nitridis
tigelebi. dnobis specialuri reJimebiT miiReba β-romboedruli
boris polikristaluri nimuSebi legirebuli rkiniT, reniumiTa
da titaniT. boris fuZeze Hf, Ni, V, W da Zr-is myari xsnarebi
miiReba Sesabamisi kazmis beriliumis oqsidis an boris nitridis
tigelebSi dnobiT azotis atmosferoSi [54, 55].
zogjer gadnobamde axdenen kazmis winaswar damuSavebas. mag.
boris da nikelis fxvnilebis dawnexil narevs jer Seacxoben
(~400ºC) da amis Semdeg adnoben tigelSi. boris da vanadiumis
myari xsnaris misaRebad kazms gadnobamde mowvaven maRal
temperaturaze (~1800ºC). Al-iT da Cu-iT legirebuli β-boris
kristalebi miiReba maRaltemperaturul, vertikalur RumelSi
dnobiT [56-58].
Al-iT da Fe-iT legirebuli β-romboedruli boris kristalebis
miReba SesaZlebelia amorfuli boris da aluminis an α-rkinis
civad dawnexili kazmis zonuri dnobiT. aseve zonuri dnobiT
miiReba nikeliT legirebuli β-romboedruli bori [52, 59].
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naxSirbadiT legirebuli polikristaluri β-romboedruli bori
miiReba maRali sisufTavis borisa da naxSirbadis kazmis rkalSi
dnobiT da Semdgom mravalsaaTiani mowviT maRal temperaturaze
argonis atmosferoSi. amave meTodiT SesaZlebelia β-boris
legireba Co, Cr, Cu, Fe, Mn, Ni, Sc, Ti, Zn da V-iT. aRniSnuli meTodis
gamoyenebisas sasurvelia maRali sisufTavis komponentebis
gamoyeneba da kristalis homogenizaciis mizniT mravalsaaTiani
mowva maRal temperaturaze argonis atmosferoSi [60-64].
sawyis masalad fxvnilebis narevis nacvlad SesaZlebelia
saTanado Sedgenilobis naerTis gamoyeneba. mag. α-AlB12 monokris-
talis rkalSi gadnobiT miRebulia Al-iT legirebuli bori [57].
gardamavali metalebiT (Cr, Cu, Mn), Si-iT da Fe-iT legirebuli β-
romboedruli boris erTgvarovani kristalebis misaRebad,
awarmoeben sufTa borisa da Sesabamisi malegirebeli elementis
rkalSi dnobasa da Semdgom mravalsaaTian mowvas maRali sisuf-
Tavis argonis atmosferoSi [65-67].
1.5. legirebuli boris fizikur-meqanikuri Tvisebebi
1.5.1. eleqtrogamtaroba
rogorc zemoT avRniSneT β-romboedruli boris (SemdgomSi _
β-bori) elementaruli ujredi Sedgeba boris 12 atomisagan
Semdgari cameti B12 ikosaedrisagan. masSi ganasxvaveben atomTa
Soris sam manZils _ saSualo manZils or uaxloes atoms Soris
~1,8Å; ikosaedris gasaSualoebul diametrs ~3,5Å da elemen-
taruli ujredis radiuss sferul miaxloebaSi ~11,5Å. aRniSnul
manZilebs  Seesabameba lokalizebuli, kvazilokalizebuli da
delokalizebuli eleqtronuli mdgomareobebi. amitom β-borSi
eleqtrogamtaroba naxtomisebur da zonur meqanizmebTan erTad
SesaZlebelia ganxorcieldes mdgomareobebSi gadanacvlebis
meqanizmiTac. am ukanasknelis Tanaxmad muxtis matarebeli
CaWeris centrSi imyofeba sakmaod didxans. amgvari
kvazilokalizebuli mdgomareobis ganmsazRvrelia sakuTari
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wertilovani defeqtebi (vakansiebi, maTi kompleqsebi, Canergvis
poziciaSi boris atomebi), meserSi SemTxveviT ganawilebuli B10
da B11 izotopebis atomebi, polaronuli efeqti da minarevebis
atomebi. kvazilokalizaciis warmoqmnis mTavar mizezad
ganixileba maRali koordinaciis regularuli atomebis
jgufebis arseboba β-borSi. amis Sedegad mosalodnelia
xvrelebis moZraobisadmi arsebuli barierebisa da
kvazilokalizaciis ubnebis  monacvleoba. aseT SemTxvevaSi
gadatanis procesi ganixileba, rogorc xvrelis gadasvla erTi
ubnidan meoreSi [68, 69].
sxvadasxva meqanizmiT eleqtrogamtaroba β-borSi SeiZleba
ganxorcieldes gansxvavebul pirobebSi. mag. maRal
eleqtromagnitur sixSireebze eleqtrogamtarobaSi wvlili
SeaqvT muxtis zonur matareblebs, xolo kvazilokalizacia
arsebiTia fotogamtarobaSi. β-boris nimuSze modebuli
potencialTa sxvaobis gavleniT SesaZlebelia ganxorcieldes
eleqtrodebidan muxtis zonuri matareblebis inJeqcia, sibneleSi
CamWerebis ionizaciis frenkel-pulis efeqti, lokalizaciis
centrebs Soris gadamtanebis gvirabuli moZraoba motisa da
Sklovskis kanoniT da a.S.
savaraudoa, rom naxtomiseburi eleqtrogamtaroba β-borSi
xorcieldeba, rogorc aralegirebul, ise Zlierad legirebul
nimuSebSi. motis kanonidan gamomdinare dabal temperaturebze
muxtis matareblebis lokalizaciis centrebis koncentracia
maRalia. es niSnavs, rom praqtikulad yovel elementarul
ujredSi arseboben muxtis CamWerebi. aseT viTarebaSi
lokalizaciis radiusi mcirea ~1Å, rac mTlianad Seesabameba
mcire radiusis polarons. aRsaniSnavia, rom muxtis matareblis
Seferxeba defeqtTan astimulirebs polaronis formirebas [70].
β-borSi eleqtrogamtarobis bunebis analizisaTvis warmodge-
nilia amorfuli koncefcia, rac eyrdnoba kristaluri da
amorfuli boris eleqtrogamtarobis temperaturuli damokidebu-
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lebis Tvisobriv msgavsebas. es aixsneba im garemoebiT, rom
β-boris elementaruli ujredis parametrebi didia (~10Å). aseT
kristalSi kinetikuri movlenebi ZiriTadad ganisazRvreba axlo
wesrigiT. eleqtrogamtarobis temperaturuli da eleqtruli
velis daZabulobaze damokidebulebis mixedviT β-bors ukavia
Sualeduri mdgomareoba amorful da kristalur naxevargam-
tarul masalebs Soris [70-73].
aRsaniSnavia, rom kristaluri da amorfuli bori sagrZnoblad
gansxvavdeba erTmaneTisagan denis matareblebis energetikuli
speqtriT: amorful borSi arsebobs ~0,1ev daSvebuli zonebis
mcire “kudebi”, xolo β-borSi minarevebis eleqtruli
winaaRmdegoba icvleba aramonotonurad da akrZalul zonaSi
vlindeba lokaluri done 0,2ev savalento zonis zeda sazRvris
zemoT. es niSnavs, rom β-bori SesaZlebelia ganxiluli iqnas
mxolod rogorc kvaziamorfuli masala. amorfuli boris
koncefciis avtorebi xazgasmiT aRniSnaven, rom analogia β-borsa
da amorful naxevargamtarebs Soris didi sifrTxiliT unda
iyos ganxiluli, radgan β-boris elementarul ujredSi
arseboben calkeuli maRali koordinaciis atomebi, romlebic
warmoqmnian zestruqturas, maSin rodesac amorful
naxevargamtarebSi lokalizaciis centrebi arasimetriulad arian
ganawilebuli. “amorfuli” koncefciis gansamtkiceblad
damuSavebulia mcire polaronis Teoria. amorfuli koncefciis
SezRuduli SesaZleblobebi vlindeba kristaluridan amorful
borze gadasvlisas, rodesac SesamCnevia Tvisebebis
maxasiaTeblebSi gansxvaveba. aRsaniSnavia, rom analogia amorful
borsa da sxva naxevargamtaruli masalebis Tvisebebs Soris
ufro metad SesamCnevia, vidre TviT kristalur borTan [74, 75].
Zlier eleqtrul velSi dabal temperaturebze (Т>300K)
Seswavlilia maRali sisufTavis β-boris eleqtrogamtaroba.
dadgenilia, rom naxtomiseburi gamtarobis wvlili maRalia
zonur eleqtrogamtarobasTan SedarebiT. xvrelebis Zvradoba
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200K temperaturaze metad mcirea (~5,5·10-3sm2·v-1·wm-1), rac agreTve
miuTiTebs naxtomiseburi gamtarobis bunebaze [76-77].
1.5.2. boris siTbogamtaroba
eqsperimentulad dadgenilia, rom nebismieri meTodiT miRebuli
kristaluri β-boris siTbogamtarobis mniSvnelobebi
temperaturis farTo diapazonSi erTmaneTis identuria.
siTbogamtarobis temperaturuli damokidebuleba aralegirebul
β-borSi 700-1000K temperaturebze da Zlierad legirebul β-borSi
80-1500K temperaturebze praqtikulad ar icvleba. es aixsneba
siTbos gadamtani grZeli da mokletalRovani ori fononuri
mdgenelis arsebobiT, rac damaxasiaTebelia Sesabamisad
kristaluri da amorfuli sxeulebisaTvis [70, 78].
cnobilia, rom akustikuri modebis siTbogamtaroba- κ
elementarul ujredSi arsebuli atomebis raodenobis
ukuproporciulia, amitom borisTvis κ-s sidide ~10-jer ufro
naklebia sxva martivi struqturis kristalebTan SedarebiT.
maRalsixSiruli optikuri mdgeneli, romelic dominirebs maRal
temperaturebze, amorfuli sxeulebis analogiurad, sustad aris
damokidebuli temperaturaze.
100K temperaturis zeviT sufTa boris siTbogamtaroba saSualod
5-jer, xolo oTaxis temperaturaze daaxloebiT 20-jer ufro
dabalia almasis struqturis mqone naxevargamtarebTan
SedarebiT. siTbogamtarobis aseTi dabali mniSvnelobebi
ganpirobebulia imiT, rom β-borisTvis damaxasiaTebel rTul
kristalur struqturaSi SesaZlebelia 315 fononis aRgzneba,
romelTagan mxolod samia akustikuri, xolo danarCeni 312-
optikuri. temperaturis gazrdiT akustikurTan erTad
aRigznebian optikuri fononebi, romlebic gvevlinebian siTbos
ZiriTad gadamtanebad [79, 80].
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β-boris monokristalebSi dabal temperaturebze siTbogamtaroba
anizotropulia: igi simetriis mesame rigis RerZis gaswvriv
ufro maRalia, vidre mis perpendikularulad [81].
siTbogamtarobis temperaturuli damokidebulebis grafikze
SesaZlebelia ramdenime ubnis gamoyofa. gacilebiT dabal
temperaturaze boris siTbogamtaroba eqvemdebareba κ~Τ3
damokidebulebas, rac damaxasiaTebelia fononebis gabnevisaTvis
kristalis zedapirze an marcvlis sazRvrebze. marTlac
Tavisufali ganarbenis saSualo sigrZe  nimuSisa da marcvlebis
zomis rigisaa. SemdgomSi damokidebuleba sustdeba: κ~Τ1.8. es
ubani ukavSirdeba fononebis gabnevas dislokaciebsa da
oreulebis sazRvrebze. temperaturis Semdgomi amaRlebiT 50K
maxloblobaSi κ aRwevs maqsimums ≈3vt/smK. momdevno (80-300K)
ubanze siTbogamtarobis Semcireba aRiwereba  xarisxovani
funqciebiTa da eqsponentiT κ~exp(Θ/αT), sadac Θ-debais tempera-
turaa, xolo α=2.4 [82-85].
eqsponencialuri damokidebuleba adasturebs fonon- fononuri
gabnevis wvlilis gadamwyvet mniSvnelobas, rac xorcieldeba
upiratesad gadasrolis procesebiT. κ-s swrafi Semcireba
ganpirobebulia grZeltalRovani fononis kvazi impulsis
kargvis gansxvavebuli meqanizmiT. aRniSnulis mizezad SeiZleba
miCneuli iqnas akustikuri fononebis gabneva optikur rxevebze.
amave temperaturul ubanze siTbogadatanaze gavlenas axdenen,
aseve wertilovani defeqtebi, kerZod minarevis atomebi
zemoqmedeben optikuri fononebis qvesistemaze. akustikuri
fononebis gabneva gamyof sazRvrebze, dislokaciebze, izotopur
defeqtebsa da fononebze gaTvaliswinebulia β-boris
siTbogamtarobis gamoangariSebisas [82, 83, 86].
maRal temperaturebze boris siTbogamtaroba ar aris damokide-
buli temperaturebze. aseTi qceva ganpirobebulia imiT, rom β-
borSi maRal temperaturebze siTbos gadamtanebad gvevlinebian
optikuri fononebi. isini mokletalRovania da ver “grZnoben”
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did parametrian kristalur mesers. e.i. bori amJRavnebs
amorfuli masalis Tvisebas. aRsaniSnavia, rom Tu siTburi
talRis sigrZe naklebia mesris parametrze is ar CaiTvleba
fononad aramed ubralod siTbur aRgznebad. siTbogamtarobis
grafikis maRaltemteraturul ubanze baqnis arseboba aixsneba
fofon-fononuri gabneviT, optikuri fononebis monawileobiTa da
maTi saSualebiT siTbos gadataniT [84, 87, 88].
β-boris siTbogamtarobis mniSvneloba oTaxis temperaturaze
Seadgens 0.26vt/sm·K. misi Semcireba SesaZlebelia mZime elemen-
tebiT legirebisas. mZime elementebi boris meserSi warmoqmnian
axal rezonansul rxeviT modebs, romlebic urTierTqmedeben
siTbos gadamtan fononebTan da aZliereben maT gabnevas [89].
1.5.3. Termuli gafarToeba
adreuli periodis naSromebSi boris wrfivi Termuli
gafarToebis koeficientis - αL saSualo mniSvneloba 293-1023K
temperaturul intervalSi Seadgenda ~8,3·10-6K-1 [90].
β-boris kristalebis Termuli gafarToeba ±3%-iani sizustiT
Seswavlilia rogorc dabaltemperaturul, aseve maRaltempera-
turul kvarcis dilatometrebze. agebulia nimuSis wagrZelebis
temperaturaze damokidebulebis grafikebi. 293-1023K temperatu-
rul intervalSi ΔL/L=f(T) grafiks aqvs sworxazovani saxe [91].
Termul gafarToebaSi Tu ugulvebelvyofT dnobis temperaturis
maxloblobaSi warmoqmnili Termuli vakansiebis wvlils, maSin
maRal temperaturebze (T>Θ) α-s temperaturuli damokidebuleba
kargad aRiwereba wrfivi gantolebiT α=A+BT. Zalian dabal
temperaturebze (T<0,03Θ) Tu ar gaviTvaliswinebT eleqtonul
wvlils, maSin Termuli gafarToebis koeficienti siTbote-
vadobis analogiurad ganisazRvreba Semdegi damokidebulebiT
α=DT3 [92].
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β-boris Termuli gafarToeba 300-1470K temperaturul intervalSi
Seswavlilia maRaltemperaturul vakuumur kameraSi - УВД-200
10-2pa wnevis qveS, rentgenuli difraqtometris ДРОН-2,0 (CuKα
gamosxivebiT) gamoyenebiT.A β-boris heqsagonaluri ujredis
parametrebis gansazRvris Semdeg gamoTvlila β-boris siTburi
gafarToebis koeficientis saSualo mniSvneloba 293-1200K
temperaturul intervalSi mesame rigis simetriis RerZis
paraleluri da  perpendikularuli mimarTulebiT [93].
α(T)- grafikze gamovlenilia maqsimumebi, romlebic SesaZlebelia
gamowveuli iyos temperaturuli da drekadi Zabvebis zemoqmede-
biT, β-boris kristalur meserSi arsebuli atomebis kompleqsebis
an jgufebis, aseve minarevebis atomebis moZraobiT [94].
1.5.4. meqanikuri Tvisebebi
realuri naxevargamtaruli masalebis meqanikur maxasiaTeblebs
upirvelesad gansazRvravs maT sruqturaSi arsebuli sxvadasxva
tipis struqturuli defeqtebi. maTi eleqtruli aqtivoba,
araerTgvarovani ganawileba da urTierTqmedeba ganapirobeben
masalebis specifikur qcevas sxvadasxva temperaturaze
datvirTvis zemoqmedebiT. am aspeqtSi drekadi da plastikuri
Tvisebebis analizi aucilebelia boris struqturuli
modifikaciebis fizikur-meqanikuri parametrebisa da
damaxasiaTebeli defeqtebis urTierTkorelaciuri kavSirebis
dasadgenad.
dadgenilia, rom 20-900°С temperaturul intervalSi β-romboed-
ruli boris mikrosisale 3100kg/mm2-dan 1700kg/mm2-mde mcirdeba,
drekadobis moduli  rxevis 3500hc sixSireze, Seadgens
39000kg/mm2, xolo Zvris moduli grexiTi rxevebis ~1hc sixSireze-
32000kg/mm2. msxvilmarcvlovani polikristaluri boris σ-ε
diagramaze 1830°С temperaturis maxloblobaSi 5kg/mm2 Zabvis
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pirobebSi SeimCneva denadobis baqani, es  niSnavs, rom aRniSnul
temperaturaze bori amJRavnebs plastikurobas. eqsperimentuli
monacemebis safuZvelze dadgenilia, rom 1800°С temperatura
warmoadgens boris plastikurobis kritikul wertils [95].
boris nitridis tigelSi gamdnari da zonuri dnobiT miRebuli
β-boris polikristaluri nimuSebis Runvaze meqanikuri
gamocdebis Sedegad dadginda, rom oTaxis temperaturaze
nimuSebi 1.03-1.37kbar. Zabvis zemoqmedebiT imsxvreva.
20%KOH+20%Fe3K(CH)6+60%H2O xsnarSi nimuSebis qimiuri
polirebis Semdeg damsxvrevisTvis saWiro Zabva izrdeba 3.09kbar-
mde. aRniSnuli garemoeba SeiZleba aixsnas imiT, rom
Tavdapirvelad sakvlevi nimuSebis zedapiri arasworia, xolo
qimiuri polirebis Semdeg is xdeba gluvi, amitom mis
damsxvrevas sWirdeba ufro didi Zabva. Sesrulebuli meqanikuri
gamocdebi Zabvis farTo intervalSi adasturebs deformaciis
drekad xasiaTs damsxvrevamde [96].
Seswavlilia SecxobiT miRebuli polikristaluri boris
nimuSebis simtkice Runvaze 293-2173K temperaturul intervalSi.
kvleviT dadginda, rom aRniSnuli nimuSebis simtkice 293K-ze
Seadgens 60-73mpa, 773K-ze- 71-74mpa, 1273K-ze- 82-85mpa, 1773K-ze- 48-
49mpa, 2073K-ze- 18-19mpa da 2173K-ze- 4mpa [97].
β-boris fizikur-meqanikuri maxasiaTeblebi gansazRvrulia
indentirebis procesis uwyveti registraciis meTodiT.
indentoris datvirTvasa da anabeWdis siRrmes Soris arsebuli
P(h) funqcionaluri damokidebulebis analizis Sedegad
gansazvrulia drekadobis modulis mniSvneloba- 4,41mbar. P(h)
diagramaze SeiniSneba horizontaluri baqani, romelic
Seesabameba mikrosisalis naxtomisebur Semcirebas. aseTi
naxtomebis arseboba aixsneba indentoris zemoqmedebis procesSi
oreulebis warmoqmniT. nimuSis zedapiris im ubanze, sadac Zabva
da wneva maqsimaluria oreulebi fiqsirdebian  indentoris
anabeWdze, xolo Zabvis dabal doneze oreulebi ver gamodian
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zedapirze, da Sesabamisad datvirTvis P(h) diagramaze  ar
warmoiqmneba baqnebi. nimuSebSi simtkicis Semcireba iwyeba
indentirebis h>0,5mkm siRrmidan. gamoTqmulia mosazreba, rom
anabeWdis siRrmis momatebasTan erTad simtkicis  Semcireba
ganpirobebulia myifed msxvrevis ganviTarebisa da oreulebis
spontanuri warmoqmnis Sedegad [98].
vikersis meTodiT gansazRvruli β-boris sisale oTaxis
temperaturaze Seadgens 33,5gpa. 15wm-is ganmavlobaSi 100g
datvirTvis dros 298, 773, 1073 da 1173K temperaturebze β-boris
sisale Sesabamisad Seadgens 27,5; 19,6; 7,84 da 3,92gpa. mineralo-
giur skalaze boris simtkice 9,3-is tolia [6, 61, 91, 99].
knupis meTodiT mikrosisalis gazomvisas, (100) sibrtyeze indent-
oris mobrunebisa da anabeWdis didi diagonalis 0-dan 900-mde
Semobrunebis dros monokristaluri β-boris mikrosisalis
mniSvnelobebi icvleba 20,7-dan 25,3gpa-mde, xolo 99,9%
sisufTavis polikristaluri β-boris mikrosisale icvleba 24,1-
dan 24,3gpa-mde [100].
legirebul mono- da polikristalur β-borSi minarevebis
koncentraciis 0-1,5at%-mde gazrdiT mikrosisale daaxloebiT
wrfivad izrdeba. 3d-gardamavali elementebi iwveven β-boris
ganmtkicebas. efeqtur ganmamtkiceblad iTvleba agreTve magniumi
da skandiumi, isini β-boris sisales daaxloebiT 25%-iT zrdian
[55, 61, 101, 102].
β-boris drekadobis parametrebis Seswavlis mizniT
eqsperimentuli kvlevebi Catarebuli iqna brijmenis mier.
eqsperimentis Sedegad gamoTvlili moculobiTi drekadobis
izoTermuli moduli Seesabameba BΤ0=1,79mbar., xolo murnaganis
parametri _ μΤ0=4,26. aRniSnuli monacemebiT gamoTvlilia Zvris
moduli G=2,14mbar. da puasonis koeficienti- 0,073 [103-105].
Seswavlilia cxladdawnexili β-boris drekadi Tvisebebi oTaxis
temperaturaze. 1%-ze naklebi forebis mqone nimuSebis drekado-
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bis moduli tolia 4,48mbar., xolo puasonis koeficienti 0,613.
aRniSnuli mniSvnelobebis safuZvelze gamoangariSebulia
drekadobisa (20,2mbar.) da Zvris (1,9 mbar.) modulebi [106].
β-boris drekadi Tvisebebi maRali sizustiT Seswavlilia
ultrabgeriTi meTodiT ~10mhc rxeviT sixSireze. gazomvis
Sedegad miRebuli monacemebis safuZvelze gamoTvlilia _
drekadobis adiabaturi moduli- BS=2,05mbar,  Zvris dinamiuri
moduli- G=2,03mbar, iungis moduli- 4,58mbar, puasonis
koeficienti- 0,128 da drekadobis koeficienti С13=0 [107, 108].
β-boris drekadi Tvisebebis eqsperimentuli monacemebis
safuZvelze gamoTvlilia drekadobis mudmiva _ С13=-0,5mbar.
drekadobis koeficientis uaryofiTi mniSvneloba damakmayofi-
leblad aTanxmebs erTmaneTTan β-boris drekadi Tvisebebis
sxvadasxva eqsperimentul da gamoTvlebiT miRebul
mniSvnelobebs. ganviTarebulia mosazreba kvaziTermodinamikuri
meTodiT araorganuli masalebis ZiriTadi Termodrekadi
Tvisebebis gansazRvris Sesaxeb. aRniSnuli meTodiT
gamoTvlilia β-boris Termuli da drekadi Tvisebebi.
navaraudevia, rom  temperaturis gazrdiT SesaZlebelia anomalu-
rad gaizardos Zvris moduli [109, 110].
1.5.5. meqanikuri relaqsaciuri procesebi
boris damaxasiaTebeli specifikuri struqturuli aRnagoba,
kristalografiuli defeqtebis mravalferovneba, agreTve
struqturuli modifikaciebis simravle ganapirobeben
struqturulad – mgrZnobiare Sinagani xaxunisa da dinamiuri
meqanikuri modulebis temperaturuli, sixSiruli da
amplituduri damokidebulebis rTul xasiaTs. β-boris
monokristalebis Sinagani xaxunis temperaturuli speqtri
Sedgeba eqsponencialuri fonis, ori dabaltemperaturuli
maqsimumis (150, 250K), erTi ararelaqsaciuri (570-600K) da erTi
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anomalurad intensiuri maqsimumisagan (~530K). aRniSnuli
maqsimumebis maxloblobaSi gamovlenilia Zvris modulis
defeqti. gansazRvrulia relaqsaciuri warmoSobis maqsimumebis
aqtivaciis energiisa da sixSiris faqtoris mniSvnelobebi
(cxr. 1). eqsperimentuli Sedegebi miRebulia grexiTi rxevebis 0,5-
5,0hc. sixSiris diapazonSi [111].
Sinagani xaxunis maqsimumebi β-romboedrul borSi
cxrili 1.
struqturuli
mdgomareoba
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ur
a,
K
aqtivaciis
energia,
ev
sixSiris
faqtori,
wm-1
maqsimumis
warmoSobis
buneba
l
it
er
at
ur
a
monokrista-
luri
150 0,13-0,15 1·106- 5·107 relaqsaciuri
[111, 112]
530 0,85-1,25 1·1012-1·1013 relaqsaciuri
msxvilmar-
cvlovani
polikris-
taluri
150-160 0,15 1·107 relaqsaciuri
[112-114]520-530 1,20-1,30 1·1012-1·1014 relaqsaciuri
650-710 1,80-2,10 5·1014-1·1015 relaqsaciuri
mikrokrista-
luri
150 0,16-0,18 1·108-1·109 relaqsaciuri
[115, 116]
230-250 0,40 1·1010-5·1010 relaqsaciuri
520 1,25 1·1012 relaqsaciuri
650-690 1,80-2,00 1·1014-1·1015 relaqsaciuri
Sinagani xaxunis yvela relaqsaciuri maqsimumi avlens rxevis
amplitudisagan damokidebulebas, rac miuTiTebs maT
dislokaciur warmoSobaze. dReisaTvis arsebuli monacemebiT
naklebad savaraudoa β-boris kristalebSi sruli dislokaciebis
maRali koncentraciiT arseboba. borisaTvis damaxasiaTebelia
dislokaciuri warmoSobis oreulebi, wyobis defeqtebi da
wertilovani defeqtebi (minarevebis calkeuli atomi da maTi
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kompleqsebi, vakansia da vakansiebis kompleqsebi, maT Soris
sicariele ikosaedris poziciaSi). aRniSnuli planaruli
defeqtebis urTierTqmedeba warmoqmnis relaqsaciis centrebs.
myar sxeulebSi aseTi tipis defeqtebis moZraobasTan
dakavSirebuli rxevis energiis gabnevis procesebi amplituduri
damokidebulebiT xasiaTdebian [43-45].
SedarebiTi analizis safuZvelze warmodgenilia β-borSi
gamovlenili relaqsaciuri procesebis meqanizmebi: vakansia-
oreulovani dislokaciis urTierTqmedeba 150K temperaturaze,
minarevebis atomebis (Jangbadi, naxSirbadi) urTierTqmedeba
oreulovan dislokaciasTan 230-250K temperaturebze, oreulis
sazRvris moZraoba 530K temperaturaze, wyobis defeqtebis
SekumSva-gafarToebis Seqcevadi procesi 650-690K temperaturaze
[112, 113].
aralegirebul β-borSi 570K temperaturaze ararelaqsaciuri
bunebis Sinagani xaxunis warmomavloba dakavSirebulia Termuli
da meqanikuri energiebis zemoqmedebiT deformaciuli oreulebis
sazRvrebSi struqturul cvlilebebTan da aseve, Jangbadisa da
naxSirbadis atomebis kompleqsebSi mowesrigeba-ganwesrigebis
procesebTan. aRsaniSnavia, rom dReisaTvis aRniSnuli ararelaq-
saciuri procesis mikroskopuli meqanizmi bolomde dadgenili
ar aris da saWiroebs damatebiT eqsperimentul kvlevebs [114].
legireba da maRal temperaturebze cikluri (grexiTi)
deformacia iwvevs defeqtebis gamravlebas, maTi konfiguraciebis
cvlilebebs, aseve dislokaciebze arsebuli Runvebis bmis
energiis Semcirebas upiratesad gaujerebeli eleqtronuli
kavSirebis kompensirebis meqanizmiT. legirebuli boris
struqturaSi aseTi xasiaTis cvlilebebi ganapirobeben Sinagani
xaxunis maqsimumebis intensivobis zrdas da maTi kritikuli
temperaturisa da aqtivaciis energiis Semcirebas. es garemoeba
eqsperimentulad dadasturebulia reniumiT, cirkoniumiTa da
rkiniT legirebuli boris SemTxvevaSi. legirebiT warmoqmnili
46
muxtis Tavisufali gadamtanebi urTierTqmedeben oreulebis
arakoherentul sazRvrebze arsebul gaujerebul kavSirebTan da
iwveven maT gajerebas, ris Sedegadac sustdeba oreulis
sazRvris damuxruWeba kristalis velSi da, Sesabamisad, izrdeba
oreulovani dislokaciis Zvradoba [115, 116].
eqsperimentulad dadgenilia, rom titaniTa da vanadiumiT
legirebul borSi izrdeba relaqsaciuri procesebis
aqtivaciuri maxasiaTeblebi, xolo maTi intensivoba mcirdeba.
navaraudevia, rom legirebis procesSi formirdeba titanisa da
vanadiumis sali karbiduli da oqsiduri ultradispersuli
fazebi. isini upiratesad ganawilebuli arian oreulebis, wyobis
defeqtebisa da dislokaciebis birTvebis maxloblobaSi da
axdenen maT blokirebas. Sesabamisad, mcirdeba relaqsaciis
centrebis koncentracia da izrdeba defeqtebis moZraobis
aqtivaciis energiis mniSvnelobebi [117].
aRsaniSnavia, rom gardamavali 3d- da 4d- metalebiT legirebul
borSi praqtikulad mTlianad CaixSoba ararelaqsaciuri Sinagani
xaxuni 570K-ze. malegirebeli elementebi (V, Ti) aqtiurad
moqmedeben JangbadTan, warmoqmnian arastabilur fazebs,
romlebic aqroladia  kristalizaciis procesSi, Sesabamisad
boris struqturaSi Jangbadi fiqsirdeba Semcirebuli
koncentraciiT. aRniSnulidan gamomdinare SesaZlebelia 570K
temperaturaze ararelaqsaciuri Sinagani xaxunis CaxSobis
mizezi aris boris struqturaSi Jangbadis kompleqsebisa da
arastabiluri ultradispersuli fazebis ar arseboba.
vanadiumiTa da titaniT legirebuli boris Zvris moduli
izrdeba malegirebeli elementebis koncentraciis propor-
ciulad. aseT SemTxvevaSi savaraudoa, rom meqanikuri
maxasiaTeblebis amaRleba ganpirobebulia Zlieri tetraedruli
SP2 eleqtronuli kavSirebis warmoqmniT metalebis atomebTan
lokalizebul ubnebSi.
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monokristaluri β-boris Sinagani xaxunisa da drekadobis
modulis temperaturuli speqtrebi RunviTi rxevebis 0,5-10khc
sixSiris diapazonSi ZiriTadad analogiuria dabal sixSireze
(0,5-1hc)  grexiTi rxevebis pirobebSi miRebuli Sedegebis. magram
arsebobs metad saintereso ganmasxvavebeli garemoeba, kerZod,
maRal sixSireze ZiriTadi relaqsaciuri maqsimumi fiqsirdeba
~670K temperaturis areSi. aRniSnul temperaturaze Jangbadis
Semcveli kompleqsebi mTlianad gardaqmnilia an imyofebian
radikalurad Secvlili konfiguraciebis saxiT. sagulisxmoa
isic, rom amaRlebulia denis matareblebis koncentracia e.i.
minarevebisa da malegirebeli elementebis atomebi imyofebian
ionizirebul mdgomareobaSi. Sesabamisad Sesustebulia eleqtro-
nuli bmebi kristalur mesersa da dislokaciuri warmoSobis
defeqtebs Soris. yovelive zemoT aRniSnuli gavlenas axdens
670K temperaturaze arsebuli intensiuri maqsimumis aqtivaciis
maxasiaTeblebze. isini mniSvnelovnad (10-20%) Semcirebulia ~1hc
sixSireze arsebul maqsimumTan SedarebiT [118].
amrigad, kobaltis da nikelis atomebi β-boris kristalur
meserSi upiratesad ikaveben A(1) da D tipis sicarieleebs,
axorcieleben eleqtronuli bmebis cvlilebebs da Sesabamisad
gavlenas axdenen boris, rogorc eleqtrofizikur, aseve
fizikur-meqanikur Tvisebebze.
literaturuli monacemebis analizma cxadyo, rom jer kidev
naklebad aris Seswavlili boris meqanikuri Tvisebebis
damokidebuleba temperaturaze, wnevaze, struqturaze,
legirebaze da sxv. pirobebze. amasTan dakavSirebiT didi
mniSvneloba eniWeba arsebuli eqsperimentuli monacemebis bazaze
sxvadasxva gamoTvliTi meTodebis gamoyenebiT β-boris fizikur-
meqanikuri da Termuli Tvisebebis gansazRvras.
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2. Sedegebi da maTi gansja
2.1. kobaltiTa da nikeliT legirebuli β-romboedruli
boris miReba da kvlevis meTodebi
2.1.1. legirebuli kristalebis miReba
kobaltiTa da nikeliT legirebuli boris kristalebi
miRebulia eleqtrowinaaRmdegobis maRaltemperaturul
laboratoriul da СШВ-1-2,525-И1 tipis RumelebSi. masSi
gamaxureblad gamoiyeneba 1mm diametris volframis mavTulis
spiralebi. Rumelis konstruqcia saSualebas iZleva dnobebi
Sesruldes rogorc inertul atmosferoSi, aseve 10-4pa. wnevis
pirobebSi. Rumeli aRWurvilia inertuli gazis gamSvebi da
gamwmendi sistemebiT.
dnobisaTvis gamoyenebulia amorfuli boris  (99,5%), nikelis
(99,9%) da kobaltis (99,9%) fxvnilebi. saTanado Sedgenilobis
kazmisgan dawnexiT miRebuli Zelakebi Tavsdeboda boris
nitridis tigelSi. dnobis win 1,33·10-2pa. vakuumSi xdeboda maTi
degazacia da amis Semdeg Secxoba 1450K temperaturaze 1,5sT.-is
ganmavlobaSi. dnobis dawyebamde xdeboda masalis mowva erTi
saaTis ganmavlobaSi 2050K temperaturaze. temperaturis
kontroli xorcieldeboda volfram-reniumis TermowyviliT.
dnobis procesze dakvirveba mimdinareobda vizualurad optikuri
pirometris saSualebiT.
masalis sruli gadnobis momentSi kameraSi miewodeboda 5·10-2pa.
heliumi. amis Semdeg iwyeboda nimuSebis gaciveba. sruli
kristalizaciis Semdeg kvlav xdeboda kameris gaiSviaTeba
1,3·10-2pa- mde da Semdgomi gaciveba mimdinareobda 5grad/wT
siCqariT. aRniSnul pirobebSi miiReboda nimuSebi Zabvebisa da
bzarebis minimaluri raodenobiT. saSualo zomis nimuSebis
(12-15mm diametris) zedapiri amozneqil formas iRebda, xolo
SedarebiT didi sxmulebis (25-35mm diametris) zedapiri xSirad
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Cazneqili iyo. zogjer tigelis fskerTan rCeboda sicariele,
sadac izrdebodnen Reros formis 2-10mm sigrZis dawaxnagebuli
kristalebi.
miRebul kristalebSi malegirebeli elementebis koncentracia
ganisazRvreboda mikrorentgenospeqtralur analizatorze
“kameka”. kristalebSi gamovlenilia polikristaluri struqtura,
romelSic marcvlebis zomebi icvleba 5-100mkm diapazonSi.
kvlevisaTvis miRebuli sxmulebidan almasis diskze gamoWrilia
saTanado formisa da zomebis Reroebi da firfitebi.
2.1.2. mikrostruqturuli analizi
kvlevebi xorcieldeboda optikur _ Neophot-32 da rastrul
eleqrtonul _ Nanolab-7 mikroskopebze. almasis diskze
gamoWrili nimuSebis zedapiris momzadeba warmoebda Semdegi
TanmimdevrobiT: zedapiri iSlifeboda boris karbidis sveli
fxvniliT, Semdeg warmoebda meqanikuri xexva sxvadasxva
dispersulobis qaRaldze. bolos gamoiyeneboda mapolirebeli
xsnari 20%K3Fe(CN)6+20%KOH+60%H2O. struqtura Seiswavleboda
mowamvlis Semdeg. mowamvla xorcieldeboda 40°С temperaturis
50%HF+25%HNO3+25%H2O Sedgenilobis xsnarSi.
2.1.3. mikrosisalis gansazRvra
mikrosisalis gazomva sruldeboda oTaxis temperaturaze ПМТ-3
danadgarze vikersis meTodiT. sakvlevi nimuSis zedapirze
almasis piramidiT deformaciis anabeWdis miReba warmoebda 50g
datvirTvis qveS. TviToeuli anabeWdis diagonali izomeboda
3-jer okularuli mikrometriT. mikrosisale gamoiTvleboda
formuliT:
P
c
H 2
1854
=
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sadac H – mikrosisalea;
P – datvirTva;
C – anabeWdis diagonalis sigrZe.
nimuSis mikrosisalis sidide gamoiangariSeboda nimuSis
zedapirze aRebuli 40-50 anabeWdis diagonalis sigrZis gazomvis
safuZvelze.
2.1.4. Termuli gafarToebis kvleva
nimuSebis Termuli gafarToeba Seswavlilia induqciuri
gadamwodiT momuSave kvarcis dilatometrze. temperaturis
cvlilebis procesSi nimuSis sigrZis Secvlis gamo koWaSi
aRiZvreboda induqciuri deni. nimuSis sigrZis cvlilebis
dagraduireba warmoebda mikrometris saSualebiT. gazomvebi
Sesrulebulia avtomatur reJimSi. nimuSis gaxureba da gaciveba
xorcieldeboda 3-5grad/wT siCqariT. temperaturisa da nimuSis
sigrZis cvlileba avtomaturad fiqsirdeboda dilatometrTan
mierTebul kompiuterSi. aRniSnuli monacemebis safuZvelze
gamoangariSebulia xazovani Termuli gafarToebis koeficientis
mniSnelobebi formuliT:
α=
ol
1
·
T
l
∆
∆
sadac l0-nimuSis sawyisi sigrZea. mocemul pirobebSi sawyis
sigrZed miCneulia nimuSis sigrZe oTaxis temperaturaze. Δl-
nimuSis wagrZelebis absoluturi sididea, xolo ΔΤ-
temperaturuli intervali, romelSic gamoiTvleba wrfivi
Termuli gafarToebis koeficienti [90].
induqciuri dilatometris sqema warmodgenilia naxazze 2.
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nax.2 induqciuri gadamwodiT momuSave dilatometris bloksqema
1. sacdeli nimuSi, 2. kvarcis mili  horizontaluri  sayrdeniT,
3. kvarcis mimmarTveli Rero, 4. kvarcis Rero, 5. gamzomi mowyobi
lobis sayrdeni fila,  6. minis vakuumuri xufi,  7. indikatoris
meqanikuri maregulirebeli,  8. induqciurobis malegulirebeli
firfita,  9. indikatori,  10. induqciurobis  firfitis damWeri
zambara, 11. eleqtromagnituri koWebi, 12. gamaxurebeli.
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2.1.5. eleqtrofizikuri maxasiaTeblebis gazomva
oTaxis temperaturis pirobebSi eleqtrofizikuri Tvisebebis
maxasiaTeblebi gansazRvrulia oTxzondiani meTodiT. 5000
erstedi daZabulobis mudmiv magnitur velSi moTavsebul
sacdel nimuSSi aRiZvreboda mudmivi sididis deni. sacdelad
gamoiyeneboda 3x2x15mm3 zomis nimuSebi.
Tavdapirvelad iangariSeba holis koeficienti:
IH
dVR
⋅
⋅
=
h
h
sadac H – mudmivi magnituri velis daZabuloba;
I – mudmivi denis sidide nimuSSi;
d – nimuSis sigrZe;
Vh – nimuSze aRZruli holis emZ.
denis matareblebis koncentracia iangariSeba formuliT:
hRce
n
⋅⋅
=
1
e – eleqtronis muxtis sididea;
c – sinaTlis siCqare vakuumSi.
denis matareblebis Zvradoba gamoiTvleboda cnobili
Tanafardobidan:
en ⋅
=
 ;
sadac eleqtrogamtaroba σ=
S
I ; S – nimuSis kveTis farTobia [119].
2.1.6. Sinagani xaxunisa da Zvris modulis gazomva
sacdeli nimuSebis Zvris dinamiuri modulisa da Sinagani
xaxunis temperaturuli da amplituduri damokidebulebebi
Seswavlilia pirdapiri qanqaris grexiTi rxevebis sixSirisa da
milevis logariTmuli dekrementis registraciis meTodiT.
nimuSebis damagreba grexiTi qanqaris RerZze xorcieldeboda
meqanikuri momWerebis an cecxlgamZle webos saSualebiT. merxevi
sistemis sixSire regulirdeboda qanqaris horizontalur RerZze
arsebuli tvirTebis masis cvlilebiT. grexiTi rxevebis aRgzneba
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warmoebda tvirTebisadmi simetriulad ganlagebuli wyvili
eleqtromagnitiT.
vertikaluri da horizontaluri RerZebis kveTaze moTavsebuli
sarkidan areklili sinaTlis sxivi fiqsirdeboda gamWvirvale
optikur skalaze. eleqtromagnitebSi denis regulirebiT
xorcieldeboda nimuSis grexis kuTxisa da rxevis amplitudebis
cvlileba.
gazomvebSi gamoyenebulia 0,4x0,4x15mm3 zomis nimuSebi. gazomvebi
Sesrulebulia oTaxis temperaturidan 1000K-mde, gaxureba-
gacivebis 1-3grad/wT siCqariT. gazomvebi xorcieldeboda
sixSiris 0,5÷5hc diapazonSi da grexiTi rxevebis amplitudis
cvlilebis 1·10-5÷5·10-3 intervalSi.
Zvris modulis absoluturi sidide oTaxis temperaturaze
ganisazRvreboda Semdegi cnobili TanafardobiT:
2
0
2
0 f
fGG = ,
sadac G0 da f0 etalonuri nimuSis Zvris moduli da rxevis
sixSirea oTaxis temperaturaze, xolo G da f identuri zomebis
sacdeli kristalis Zvris modulisa da rxevis sixSiris
mniSvnelobebi. aRniSnuli meTodiT Zvris modulis gansazRvris
cdomileba 3%-ia. Sinagani xaxunis sidide gamoiTvleboda
Semdegi formuliT:
NA
AIn
N
Q
n
n
+
=
−

11 ,
sadac N- rxevebis raodenobaa, rxevis amplitudis An - dan An+N -
mde Semcirebis dros.
relaqsaciuri procesis aqtivaciis energia gamoiTvleboda
formuliT:
1
2
12
21
f
fIn
TT
TKTH
−
= ,
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sadav K - bolcmanis mudmivaa, xolo T1 da T2 relaqsaciuri
Sinagani xaxunis maqsimumis temperaturebia f1 da f2 sixSireebze.
relaqsaciuri procesis sixSiris faqtori ganisazRvreboda
formuliT:




=
−
max
max
1
0 exp2 KT
Hf ,
sadac H- procesis aqtivaciis energiaa, fmax da Tmax maqsimumis
maxloblobaSi rxevis sixSire  da temperatura [120]: .
fardobiTi grexiTi deformaciis sidide gamoiTvleboda cnobili
SefardebiT:
lR
rL
= ,
sadac r warmoadgens nimuSis ganiv kveTaze Semowerili wris
radiuss, l - nimuSis sigrZes, R- manZils sxivis amrekli sarkidan
optikur skalamde, xolo L - aris optikur skalaze nulovani
mdgomareobidan sxivis gadaxris sidide.
rxevis kritikuli amplitudis damokidebuleba temperaturaze
granato-lukes simis modelSi iangariSeboda Semdegi formuliT:



=
KT
H
Gb
TKC
exp3
21
 ,
sadac H-dislokaciis bmis energiaa, K-bolcmanis mudmiva, T-
gazomvis temperatura, ε-Sinagani xaxunis mkveTrad amaRlebis
Sesabamisi rxevis amplituda, C-dislokaciaze arsebuli werti-
lovani defeqtebis koncentracia, G-Zvris moduli, xolo b-
biurgersis veqtoria.
drekadobis zRvari Sefasebulia formuliT: G = [121].
Sinagani xaxunis gamzomi danadgaris sqema warmodgenilia
naxazze 3.
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nax. 3. grexiTi rxevebis Sinagani xaxunis gamzomi danadgaris sqema.
1. nimuSi; 2. gasaxsneli Rumeli; 3. Stanga cvalebadi tvirTiT;
4. eleqtromagnitebis wyvili; 5. amrekli sarke; 6. sinaTlis wyaros
gamanaTebeli; 7. naxevrad gamWvirvale skala; 8. fotodiodebis
gadamwodi; 9. sixSiris mzomi; 10. mTvleli; 11. gammarTveli; 12.
Termoregulatori; 13. vakuummetri.
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2.2. kobaltiTa da nikeliT legirebuli β-romboedruli
boris struqtura da fizikur-meqanikuri Tvisebebi
2.2.1. mikrostruqtura
sacdeli kristalebis mikrostruqtura Seswavlilia optikuri da
rastruli eleqtronuli mikroskopebis gamoyenebiT. kvlevisaTvis
nimuSebis zedapirebi momzadebulia meqanikuri da qimiuri
polirebis meTodebiT. SedarebiTi analizis mizniT Seswavlilia
aralegirebuli β-boris mikrostruqtura. Ooptikur mikroskopze-
Neophot-32 kvlevam aCvena, rom struqtura polikristaluri
agebulebisaa, misi Semadgeneli marcvlebis zomebi icvleba
5-100mkm. sazRvrebSi. zogierT SemTxvevaSi calkeuli marcvlis
zoma 2-3 rigiT maRalia aRniSnulTan SedarebiT. msxvili
marcvlebis sasazRvro konturi zigzagiseburia, rac
damaxasiaTebelia naxevargamtaruli masalebis xisti kovalentu-
ri kavSirebiT formirebuli struqturebisaTvis. mikrostruqtu-
raSi gamovlenilia paralelurad orientirebuli xazebi,
romelTa umravlesoba warmoadgens dislokaciebis srialis
xazebs. uSualod xazebze SeiniSneba mcire zomis laqebi.
SesaZlebelia isini warmoqmnilia araerTgvarovnad deformire-
bul ubnebSi. naxazze fiqsirebulia aseve sxvadasxva sisqisa da
sigrZis nakawrebi, romlebic ramdenime marcvals erTdroulad
hkveTs gavrcelebis mimarTulebis Seucvlelad (nax. 4.a).
erTmaneTisadmi paralelurad orientirebuli dislokaciuri
xazebis simravleebi, mianiSnebs sacdeli nimuSis struqturaSi
dislokaciebis erTi naTlad gamokveTili kristalografiuli
sistemis arsebobaze (nax. 4.b).
nax. 4.g warmodgenilia paralelurad orientirebuli lartyis
formis defeqtebis kontrasti. β-boris realuri struqtu-
risaTvis damaxasiaTebelia oreulovani Sejgufebebi, Erac iZleva
safuZvels naxazze warmodgenili gamosaxuleba miekuTvnos
oreulebis simravleebs. rogorc naxazidan Cans, sacdeli
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aralegirebuli β-boris mikrostruqturaSi didia sxvadasxva
zomis oreulovani Sejgufebebis koncentracia.
a b
g                                d
e
nax. 4. aralegirebuli β-romboedruli boris kristalebis
mikrostruqtura x400
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paralelurad orientirebuli deformaciis xazebis gadakveTaze
damuxruWebulia lartyebis Sejgufebebi, maT Soris arsebuli
kuTxis sidide axlosaa β-boris elementaruli ujredis
kuTxesTan (nax. 4.g). suraTidan naTlad Cans, rom sacdeli
nimuSis struqtura Seicavs didi raodenobiT oreulebis
Sejgufebebs.
nax. 4.d fiqsirebulia polikristaluri aRnagobis mikrostruq-
tura. masSi marcvlebis zoma icvleba farTo diapazoSi
(1,0-250mkm). mikrofotografiebze fiqsirebulia sxvadsxva zomis
Savi laqebi, romlebic kristalizaciis procesSi formirebuli
siRrueebiT aris ganpirobebuli. zogierTi maTgani SesaZlebelia
warmoiqmna zedapiris polirebis procesSi. aRsaniSnavia isic, rom
calkeuli marcvlis Sida struqturaSi romelime tipis defeqtis
specifikuri kontrasti ar aris fiqsirebuli. marcvlebis gamyof
sasazRvro zonaSi arsebuli araerTgvarovani deformaciebi
mikrofotografiebze gamovlenilia zigzagiseburi konturebis
saxiT. zogierTi nimuSis mikrostruqtura msxvilmarcvlovania
(nax. 4.e), marcvlebis Sida struqturaSi mravladaa oreulebis
lartyebi, romlebic grZeldeba mezobeli marcvlis gamyof
sazRvramde. warmodgenil mikrofotografiebze fiqsirebulia
erT-erTi didi marcvlis SemomsazRvrel  konturTan damuxruWe-
buli sxvadasxva orientaciisa da sisqis lartyebi.
B+1,2at%Co Senadnobis polirebuli zedapiris mikrofotogra-
fiebze dafiqsirebulia sxvadasxva formisa da zomis mowamvlis
ormoebi (nax. 5.a) SeiniSneba aseve momrgvalebuli formis marcv-
lebi da marcvlebis Sida struqturaSi arsebuli reliefuri
kontrasti, rac formirebulia kristalur meserSi araerTgva-
rovnad ganawilebuli Zabvebis gavleniT. mikrofotografiebze
Cans aseve nakawrebi da dislokaciebis srialis xazebi. nax. 5.b
asaxulia sacdeli nimuSis zedapirze sxvadasxva formisa da
zomis forebi, dislokaciebis srialisa da nakawrebis Sedegad
formirebuli magistraluri xazebi, Ggamovlenilia aseve
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oreulebis Txeli lartyebi. aRniSnuli xazebis gaswvriv
gamosaxulebis kontrasti, cvalebadia.
a b
nax. 5. B+1,2at%Co kristalebis mikrostruqtura x400
kobaltiT legirebul kristalebSi marcvlebis zomebi icvleba
dispersulidan msxvilkristalur mdgomareobamde. marcvlebis
umravlesoba naTeli kontrastiT gamoirCeva. rogorc Cans,
sacdeli zedapiri araTanabrad aris mowamluli, rac ganpirobe-
bulia zedapiruli struqturis araerTgvarovani deformaciiT
kristalizaciis procesSi da aseve malegirebeli kobaltis
atomebis araTanabari ganawilebiT kristalis moculobaSi.
optikur mikroskopze kvelevis Sedegad aralegirebuli β-boris
polikristalur struqturaSi gamovlenilia mravalkuTxedis
formis marcvlebi zigzagiseburi sazRvrebiT, marcvlebis Sida
struqturas axasiaTebs individualuri da lartyebSi Sejgu-
febuli oreulebis qaosuri ganawileba. msxvili marcvlebis
struqturaSi SeiniSneba dislokaciebis  srialis xazebi.
kobaltiTa (nax. 5) da nikeliT (nax. 6) legirebuli β-boris mik-
rostruqturaSi, Semcirebulia Semadgeneli marcvlis zomebi,
gamovlenilia aramkveTri, arakuTxovani gamyofi sazRvrebi da
maRali intensivobis araerTgvarovani Zabvebis gavlena
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gamosaxulebis kontrastze, Semcirebulia aseve oreulebis
lartyiseburi Sejgufebebi. optikur mikroskopSi ar aris
gamovlenili 1000K temperaturaze vakuumSi 10sT-iani mowvis
gavlena sacdeli nimuSebis mikrostruqturaze.
a b
nax. 6. B+1,5at%Ni kristalebis mikrostruqtura x400
rastruli eleqtronuli mikroskopiT Nanolab-7 gamokvleulia
aralegirebuli da cal-calke kobaltiTa da nikeliT legire-
buli β-boris kristalebis mikrostruqtura.
a b
nax. 7. β-boris kristalebis mikrostruqturis rastruli
eleqtronul-mikroskopuli gamosaxulebebi
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aralegirebuli boris nimuSis mikrostruqturaSi gamovlenilia
paralelurad orientirebuli zolebi (nax. 7.a) siganiT 0,5-5mkm.
maTi kontrasti araerTgvarovania. aseT gamosaxulebebs iZleva
erTi romelime mimarTulebiT formirebuli dislokaciuri
warmoSobis defeqtebi, romlebic gamdidrebulia minarevebiT.
mocemul SemTxvevaSi savaraudoa, rom aRniSnuli defeqtebis
maxloblobaSi amaRlebulia Jangbadis koncentracia. msgavsi
tipis struqtura gamovlenilia fosforiTa da boriT
legirebul siliciumis kristalebSi [122].
nax. 8 warmodgenilia B+1.2at%Co nimuSis polirebuli zedapiris
mikrofotografiebi, masze naTlad Cans marcvlebis gamyofi
sazRvrebis siganisa da intensivobis cvalebadoba. SesaZlebelia
kontrastis aseTi xasiaTis cvlileba dakavSirebulia
kristaluri mesris daZabulobasTan marcvlebis sazRvrebis
maxloblobaSi. mocemul mikrofotografiebze calkeuli
marcvlis Sida struqturaSi β-borisTvis damaxasiaTebeli
defeqtebi fiqsirebuli ar aris.
a                                       b
nax. 8. B+1.2at%Co kristalebis mikrostruqturis rastruli
eleqtronul-mikroskopuli gamosaxulebebi
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B+1.2at%Co Senadnobis nimuSis mikrostruqturisaTvis damaxasi-
aTebelia polikristaluri aRnagoba dispersuli fazebiT
dekorirebuli marcvlebis gamyofi sazRvrebiT. Savi feris
figurebi ganekuTvneba sicarieleebsa da siRrueebs, romlebic
formirebulia rogorc did marcvlebSi, aseve marcvlebis
gamyofi sazRvrebis areSi.
nax. 8 naTeli feris konturebi SesaZlebelia warmoqmnilia eleq-
tronebis difraqciiT malegirebeli kobaltis atomebiT
gamdidrebul ubnebze. cnobilia, rom gardamavali metalebiT
aseve azotiTa da naxSirbadiT legirebisas β-boris matricasTan
erTad SesaZlebelia warmoiqmnas B50C2 tipis boris tetrago-
naluri faza. nax. 8.b warmodgenili mikrofotografia aseTi
fazis formirebis SesaZleblobas ar gamoricxavs.
nikeliT legirebuli β-boris nimuSis mikrofotografiebisaTvis
(nax. 9) damaxasiaTebelia marcvlebis Sida struqturaSi Ria da
muqi ferebis paraleluri zolebi, sxvadasxva zomisa da formis
Savi laqebi. zolovani gamosaxulebebi paraleluri orientaciis
deformirebuli ubnebis, xolo Savi laqebi sicarieleebis
arsebobiT aris ganpirobebuli.
a b
nax. 9. B+1.5at%Ni kristalebis mikrostruqturis rastruli
eleqtronul-mikroskopuli gamosaxulebebi
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zolebis Sida areSi kontrastis cvlilebebi atomebis araerTgva-
rovani ganawilebiT da masTan dakavSirebuli araerTgvarovani
deformaciiT SeiZleba aixsnas. mikrofotografiaze (nax. 9.b)
fiqsirebulia axali fazis marcvlebi. SesaZlebelia is
warmoadgens nikelis borids.
aRsaniSnavia, rom 1270K temperaturaze 5-10sT-is ganmavlobaSi
vakuumSi mowva praqtikulad gavlenas ar axdens legirebuli
sacdeli nimuSis mikrostruqturaze. savaraudoa, rom aRniSnul
pirobebSi ar xorcieldeba kristalizaciis procesSi formirebu-
li malegirebeli atomebiT gamdidrebul da araerTgvarovnad
deformirebul areebSi malegirebeli atomebis difuzuri
gadanawileba da deformaciis intensivobis Semcireba.
SesaZlebelia davaskvnaT, rom kobaltiTa da nikeliT legireba
avlens β-boris struqturis Semadgeneli marcvlebis zomis
Semcirebis tendencias. sacdeli nimuSebis polirebuli zedapi-
ris struqturaSi xSirad fiqsirdeba forebi da sicarieleebi,
SeiniSneba araerTgvarovani deformaciis gavlena marcvlebis
gamyofi sazRvrebis maxasiaTeblebze. kobaltiTa da nikeliT
legirebuli β-boris struqturaSi iSviaTad vlindeba individua-
luri da  Sejgufebuli oreulebi. SedarebisaTvis aRsaniSnavia,
rom cirkoniumiT legireba mkveTrad zrdis β-borSi oreulebisa
da wyobis defeqtebis raodenobas [123].
2.2.2. eleqtrofizikuri Tvisebebi
rogorc zemoT aRiniSna β-boris elementaruli ujredi Seicavs
ikosaedrebsa da maT asociaciebs. maT Soris ganTavsebulia sxva-
dasxva zomisa da formis sicarieleebi, romlebSic SesaZlebelia
Cainergos gardamavali metalebis atomebi. sicarieleebSi atome-
bis ganawileba gardamavali metalebis tipiT aris gansazRvruli.
dReisaTvis arasakmarisadaa Seswavlili gardamavali metalebiT
legirebuli β-boris eleqtrofizikuri Tvisebebi. aRniSnuli
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metalebiT legireba iwvevs boris eleqtrogamtarobis gazrdas.
eleqtrogamtarobis tipisa da sididis cvlilebebis Tavisebure-
bebi ganpirobebulia savalento zonis zemoT arsebuli aqcepto-
ruli tipis 0,19ev doniT. Mmalegirebeli  atomebis koncentraciis
gazrdiT izrdeba aRniSnuli donis Sevsebis simkvrive. sruli
Sevsebis momentidan xorcieldeba aqceptoruli donis kompensa-
cia da amis Semdeg kristali avlens n-tipis gamtarobas [124].
holis efeqtis registraciis meTodiT 5000erstedi daZabulobis
mudmiv magnitur velSi gansazRvrulia kobaltiTa da nikeliT
cal-calke legirebuli β-boris eleqtruli denis matareblebis
koncentraciisa da Zvradobis mniSvnelobebi (cxr. 2).
legirebuli β-boris kristalebis eleqtrofizikuri maxasiaTeblebi
cxrili 2.
β-boris
sacdeli
nimuSebi
Ddenis matareblebis
koncentracia,  sm-3
Ddenis matareblebis
Zvradoba, sm2v-1wm-1
sawyisi Mmowva,670K,5sT
Mmowva,
1070K,5sT sawyisi
Mmowva,
670K,5sT
Mmowva,
1070K,5sT
B , p-tipi 2.1015 3.1015 4,5.1015 1,5 2 2,5
B+0,5at%Co,
p -tipi 3
.1017 4,5.1017 6.1017 3,0 4,5 5,0
B+0,8at%Co,
p - tipi 6
.1017 6.1017 8.1017 5,0 5,5 7,0
B+2,2at%Co,
p -tipi 1
.1018 3.1018 5.1018 8,0 8,5 10,0
B+0,5at%Ni,
p- tipi 5
.1017 6,5.1017 1.1018 5,0 7,0 10,5
B+1,2at%Ni,
p- tipi 2
.1018 3.1018 5,5.1018 8,0 9,0 11,0
B+1,8at%Ni,
p- tipi 7
.1018 8.1018 1.1019 12,0 13,0 14,5
B+2,3at%Ni,
n- tipi 2
.1019 2,5.1019 4.1019 15,5 17,5 20,0
gazomvebiT dadgenilia, rom kobaltiT legirebuli yvela da
nikelis dabali koncentraciiT legirebuli nimuSebi xasiaTdeba
xvreluri gamtarobiT, xolo 2,3at%Ni-iT legirebuli nimuSi
amJRavnebs eleqtronul gamtarobas. kobaltiTa da nikeliT
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legireba praqtikulad erTi rigiT zrdis β-boris kristalebSi
denis matarebeli xvrelebis da eleqtronebis Zvradobas.
malegirebeli elementebis koncentraciis gazrdiT denis
matareblebis koncentracia da Zvradoba izrdeba. mowva 670K
temperaturaze vakuumSi 5sT-is ganmavlobaSi sustad zrdis orive
maxasiaTeblis sidides. Semdgomi mowva 1070K temperaturaze
5sT-is ganmavlobaSi aseve sustad zrdis denis matareblebis
koncentraciasa da Zvradobas.
rogorc miRebuli Sedegebidan Cans, eleqtruli maxasiaTeblebis
arsebiTi cvlilebebi SeiniSneba malegirebeli elementebis
koncentraciis gazrdiT 1at%-mde. SedarebiT maRali
koncentraciebis SemTxvevaSi eleqtruli maxasiaTeblebis zrda
Senelebulia. savaraudoa, rom malegirebeli kobaltisa da
nikelis maRali Semcvelobis boris  struqturaSi formirdeba
kobaltisa da nikelis Semcveli dispersuli fazebi, ris gamoc,
Sesabamisad, mcirdeba boris kristalur meserSi eleqtrulad
aqtiuri malegirebeli atomebis koncentracia, rac warmoadgens
eleqtrogamtarobis zrdis Senelebis erT-erT mizezs.
2.2.3. Termuli gafarToebis temperaturuli
damokidebuleba
Seswavlilia aralegirebuli da cal-calke kobaltiTa da
nikeliT legirebuli β-romboedruli modifikaciis boris
Termuli gafarToeba induqciur dilatometrze vakuumis
pirobebSi. eqsperimentuli Sedegebi miRebulia 300-1100K tempera-
turul intervalSi ~3grad/wT siCqariT gaxureba-gacivebis
ciklSi. aralegirebuli sacdeli boris nimuSis fardobiTi
wagrZelebis temperaturuli damokidebuleba daaxloebiT wrfivi
xasiaTisaa, 520-570K temperaturis intervalSi SeiniSneba Runva
xolo 670-720K temperaturul intervalSi fiqsirebulia baqani.
gacivebis procesSi  orive intervalSi vlindeba fardobiTi
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wagrZelebis sustad gamosaxuli histerezisi. Mmowva 1070K
temperaturaze 5sT-is ganmavlobaSi praqtikulad aqrobs
fardobiTi wagrZelebis histereziss. sawyisi nimuSis fardobiTi
wagrZelebis gazomva gaxureba-gacivebis SedarebiT maRal
siCqareze (~5grad/wT) ufro intensiurs xdis histerezisul
cvlilebas. Mmowva zemoT aRniSnul pirobebSi am SemTxvevaSic
mTlianad aqrobs fardobiTi wagrZelebis histereziss.
mowva vakuumSi 1070K temperaturaze 5sT-is ganmavlobaSi avlens
fardobiTi wagrZelebis sustad zrdis tendencias. Termuli
damuSavebis procesSi SesaZlebelia gaizardos myar xsnarSi
malegirebeli metalebis kobaltisa da nikelis koncentracia,
riTac xorcieldeba atomTaSorisi manZilebisa da, Sesabamisad,
Termuli gafarToebis zrda. kobaltiTa da nikeliT legirebuli
boris fardobiTi wagrZelebis temperaturuli damokidebulebebi
warmodgenilia naxazze 10.
nax. 10. fardobiTi wagrZelebis temperaturuli damokidebulebebi
1- β- B;  2- B:Ni(0,3at%); 3- B:Co(0,5at%).
miRebuli eqsperimentuli monacemebiT gamoangariSebulia wrfivi
Termuli gafarToebis koeficientis mniSvnelobebi damagrZele-
beli kvarcis milis koeficientis gaTvaliswinebiT.
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zogierTi nimuSis wrfivi Termuli gafarToebis koeficientis
temperaturuli damokidebuleba α(T) warmodgenilia naxazze 11.
aralegirebuli boris nimuSis α(T) grafikze naTlad Cans
histerezisuli tipis cvlileba.
N
nax. 11. legirebis gavlena β-boris wrfivi gafarToebis
koeficientis temperaturul damokidebulebaze
1- β- B;  2- B:Ni(0,3at%); 3- B:Co(0,5at%).
kobaltiTa da nikeliT cal-calke legirebuli kristalebis
Termuli gafarToebis wrfivi damokidebulebis koeficientis
sidideebi 300-1100K temperaturul intervalSi 10-15%-iT maRalia
aralegirebul kristalebTan SedarebiT. amave dros α(T)
grafikze 470-720K SualedSi gadaxra wrfidan ar registrirdeba.
mowva vakuumSi 750-1100K temperaturul intervalSi praqtikulad
ar cvlis kobaltiTa da nikeliT legirebuli β-boris nimuSebis
α-s sidideebs.
3d-gardamavali metalebis sxvadasxva koncentraciiT legirebuli
β-boris polikristaluri nimuSebis wrfivi Termuli
gafarToebis koeficientis mniSvnelobebi fiqsirebul
temperaturebze warmodgenilia cxrilSi 3.
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wrfivi Termuli gafarToebis koeficientis mniSvnelobebi
cxrili 3.
β-boris
sacdeli
nimuSebi
320
K
370
K
470
K
570
K
670
K
770
K
870
K
970
K
1070
K
B 3,8 4,6 6,3 7,3 7,4 8,5 8,9 10,0 10,2
B:Co(0,5at%) 4,3 5,4 7,4 8,7 9,5 9,9 10,1 10,3 10,4
B:Co(1,0at%) 4,5 5,6 7,7 8,9 9,8 10,3 10,8 10,6 10,7
B:Co(2,2at%) 4,7 6,0 7,4 9,1 9,2 10,5 10,7 10,8 10,9
B:Ni(0,8at%) 4,2 5,2 7,1 8,0 9,35 9,6 9,9 10,0 10,1
B:Ni(1,2at%) 4,4 5,5 7,3 8,3 8,5 9,8 10,1 10,2 10,3
B:Ni(2,5at%) 4,6 5,7 7,4 8,7 8,9 10,0 10,2 10,3 10,4
SedarebiTi analiziT dadgenilia, rom nikelTan SedarebiT
kobalti metad zrdis α-s mniSvnelobebs. miRebuli Sedegebi
eTanxmeba literaturul monacemebs, romlis mixedviT
gardamavali metalebiT legireba zrdis boris kristaluri
mesris parametrebsa da elementaruli ujredis moculobas.
aralegirebuli polikristaluri β-boris nimuSebSi Δl/l(T) da α(T)
damokidebulebebze histerezisuli movlenebi SedarebiT sustad
aris gamovlenili vidre msxvilmarcvlovan da monokristalur
nimuSebSi. Termuli gafarToebis maxasiTeblebis anomaluri
cvlilebebis bunebis dadgenisas gaTvaliswinebulia realur
struqturaSi specifikuri dislokaciuri struqturis- oreulo-
vani da nawilobrivi dislokaciebis arseboba. isini ganTavsebu-
lia {100} sibrtyeTa sistemaSi mouwesrigeblad orientirebuli
Sejgufebebis saxiT da ganicdian kristalizaciis procesSi
formirebuli Zlieri araerTgvarovani Zabvebis zemoqmedebas.
gansazRvrul temperaturebze SesaZlebelia moxdes araerTgvaro-
vani Zabvebis relaqsacia oreulovani dislokaciebis moZraobis
meqanizmiT, ramac, SesaZlebelia gamoiwvios kristalis zomebisa
da formis cvlilebebi. e.i. Termuli gafarToebis anomalia.
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polikristalur nimuSebSi marcvlebis gamyofi sazRvrebis
gavleniT SezRudulia oreulebis sazRvris moZraoba. swored es
SeiZleba iwvevdes aralegirebuli polikristaluri β-boris
Δl/l(T) da α(T) sidideebis anomaliebis Sesustebas 470-720K
temperaturul intervalSi. oreulebis warmoqmnisa da moZraobis
Sedegad kristalis formisa da zomis cvlilebebi ganxilulia
naSromSi [125].
malegirebeli kobaltisa da nikelis atomebi, romlebic ganawi-
lebulia romboedruli elementaruli ujredis A da DD sicarie-
leebSi, mdebareoben {100} sibrtyeebis maxloblobaSi, amis gamo
maT SeuZliaT efeqturad daamuxruWon {100} sistemis oreulovani
dislokaciis moZraoba da praqtikulad srulad CaaxSon Termuli
gafarToebis maxasiaTeblebis (Δl/l, α) histerezisuli tipis cvli-
lebebi 470-720K temperaturul intervalSi. cxrilidan Cans, rom
Termuli gafarToebis anomaliebis srulad CaxSoba SesaZlebe-
lia β-boris kobaltisa da nikelis mcire koncentraciebiT
legirebis SemTxvevaSi (~0,3at%Co, 0,5at%.Ni). aRsaniSnavia, rom
oreulovan struqturaSi cvlilebebiT ganpirobebuli Termuli
gafarToebis maxasiaTeblebis anomaluri procesebebi gamovleni-
lia aseve bismutsa da bismuti-anTimonis SenadnobebSi. naCvenebia,
rom gaxureba-gacivebis ciklSi sacdeli nimuSebis zomebis
anomaluri cvlilebebi dakavSirebulia oreulebis koncentraci-
is cvlilebebTan. Bi da Bi-Sb struqturaSi oreulebis moZraoba
gaxurebisa da gacivebis ciklSi drekadi xasiaTisaa [126]. O
myari sxeulebis nebismieri simetriis struqturaSi oreulovani
dislokaciebis moZraoba ganapirobebs gamyofi sazRvris
gadaadgilebas marTobuli mimarTulebiT, rasac SesaZlebelia
Tan axldes sacdeli nimuSebis zomebis, meqanikuri, eleqtruli
da sxva struqturulad mgrZnobiare Tvisebebis anomaluri
cvlilebebi gansazRvrul temperaturul intervalebSi [127].
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2.2.4. kobaltiTa da nikeliT legirebis gavlena
β-romboedruli boris kristalebis mikrosisalesa
da Zvris modulze
kobaltiTa da nikeliT legirebuli β-boris masiuri kristalebis
mikrosisale Seswavlilia oTaxis temperaturaze bunebrivi
ganaTebis pirobebSi vikersis meTodiT ПМТ-3 danadgarze.
gazomvebisaTvis sacdeli nimuSebis zedapirebi momzadebulia
meqanikuri polirebiT almasis sxvadasxva dispersulobis
fxvniliT. kristalebis zedapiris mikrostruqturaSi arsebuli
mikroforebi, mikrobzarebi, specifikuri agebulebis marcvlebis
gamyofi sazRvrebi da sxva kristalografiuli defeqtebi
ganapirobeben mikrosisalis araerTgvarovnebas. aRniSnulis
gaTvaliswinebiT miRebuli eqsperimentuli monacemebi
warmoadgenen zedapiris sxvadasxva ubanze mravaljeradi
gazomvis gasaSualoebul sidideebs. sawyisi da Termulad
damuSavebuli sacdeli nimuSebis mikrosisalis mniSvnelobebi
moyvanilia cxrilSi 4. SedarebisaTvis warmodgenilia aralegire-
buli β-boris mikrosisalis mniSvnelobebi.
kobaltiT legirebuli kristalebis mikrosisalis sidideebi
sawyis mdgomareobaSi 15-20%-iT maRalia aralegirebuli
kristalis maxasiaTeblebTan SedarebiT. kobaltis koncentraciis
gazrdiT mikrosisale izrdeba, xolo kobaltis maRal
koncentraciaze B+2,2at.%Co mikrosisalis zrda Senelebulia.
savaraudoa, rom kobaltiT legirebuli kristalebis
mikrostruqturaSi Semcirebulia araerTgvarovani deformaciis
wvlili struqturulad-mgrZnobiare meqanikuri Tvisebebis
kerZod, mikrosisalis maxasiaTeblebis formirebaSi. amave dros
mikrosisalis mniSvnelobebis amaRlebaSi arsebiT mniSvnelobas
iZens kobaltis atomis maxloblobaSi Zlieri eleqtronuli
bmebisa da lokalurad ganmtkicebuli ubnebis wvlili.
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legirebuli β-boris kristalebis mikrosisale da Zvris moduli
cxrili 4.
β-boris
sacdeli
nimuSebi
Mmikrosisale, kg/mm2 Zvris moduli, kg/mm2
sawyisi
Mmowva,
670K,5sT
Mmowva,
1070K,5sT sawyisi
Mmowva,
670K,5sT
Mmowva,
1070K,5sT
B, p-tipi 3200 3250 3380 18050 18120 18200
B+0,5at%Co,
p -tipi 3400 3460 3500 19100 19200 19250
B+0,8at%Co,
p - tipi 3450 3480 3600 19500 19600 19650
B+2,2at%Co,
p -tipi 3460 3500 3630 20400 20550 20700
B+0,5at%Ni,
p- tipi 3500 3560 3600 19800 19930 1950
B+1,2at%Ni,
p- tipi 3650 3720 3750 20150 20240 20300
B+1,8at%Ni,
p- tipi 3700 3760 3800 20300 20400 20500
B+2,3at%Ni,
n- tipi 3750 3780 3850 20500 20850 20900
kobaltis maRal koncentraciebze (≥1.1019sm-3) oTaxis temperaturis
areSi izrdeba savalento zonaSi denis matarebeli xvrelebis
koncentracia, rac ganapirobebs struqturuli defeqtebis
(ZiriTadad- deformaciuli oreulebi da wyobis defeqtebi)
eleqtronuli bmebis Sesustebasa da maTi Zvradobis amaRlebas.
aseTi xasiaTis cvlilebebi iwvevs meqanikuri maxasiaTeblebis
Sesustebas anu masalis “darbilebas”. swored ori urTierTsa-
pirispiro procesis (ganmtkiceba da “darbileba”) erTdrouli
mimdinareoba ganapirobebs Co-is maRali Semcvelobis β-boris
mikrosisalis zrdis Senelebas da miswrafebas najerobis
mdgomareobisaken.
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nikeli ganekuTvneba 3d- gardamavali metalebis rkinis jgufs (Fe,
Co, Ni), rac safuZvels iZleva vivaraudoT, rom struqturulad-
mgrZnobiare fizikur-meqanikuri Tvisebebis maxasiaTeblebze
nikelis gavlena rkinisa da kobaltis analogiuri xasiaTis
iqneba. amasTan erTad gasaTvaliswinebelia, rom β-boris elemen-
taruli ujredis sicarieleebSi nikelis ganawileba kobalti-
sagan gansaxvavebulia. swored es garemoeba ganapirobebs nikeliT
legirebuli boris mikrosisalis cvlilebis Taviseburebebs.
nikeliT legirebuli boris kristalebis mikrosisale maRalia
kobaltiT legirebuli boris mikrosisalis mniSvnelobebTan
SedarebiT (cxr. 4). nikelis koncentraciis gazrdiT izrdeba
mikrosisale da maRali koncentraciis SenadnobebSi mikrosisale
miiswrafis najerobisaken. Termuli damuSaveba, kerZod vakuumSi
mowva 670K da SemdegSi 1070K temperaturebze 5saaTis ganmavlo-
baSi avlens kobaltiTa da nikeliT legirebuli β-boris
kristalebis mikrosisalis zrdis tendencias. Mmikrosisalis
analogiuri cvlilebebi gamovlenilia imave pirobebSi Termulad
damuSavebuli aralegirebuli boris kristalebSi.
etalonuri nimuSis (iodiduri vanadiumis) meqanikur
maxasiaTeblebTan Sedarebis meTodiT ganisazRvra kobaltiTa da
nikeliT legirebuli β-boris sacdeli kristalebis Zvris
modulis absoluturi sidideebi oTaxis temperaturaze. identuri
formisa da zomebis sacdeli da etalonuri nimuSebis grexiTi
rxevebis sixSiris mniSvnelobebi ganisazRvra grexiT qanqaraze
dafuZnebul meqanikur relaqsatorze. etalonad iodiduri
vanadiumis gamoyenebis mizanSewoniloba ganpirobebulia oTaxis
temperaturis areSi vanadiumisa da boris kristalebis dinamiuri
meqanikuri maxasiaTeblebis msgavsebiT. vanadiums boris analogi-
urad axasiaTebs meqanikuri modulebis maRali mniSvnelobebi,
oTaxis temperaturis areSi  maTi wrfivi temperaturuli
damokidebuleba, Sinagani xaxunis dabali intensivobis foni da
aradrekadobis metad sustad gamovlineba. sawyisi da Termulad
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damuSavebuli sacdeli nimuSebis Zvris modulis gazomvis
mniSvnelobebi moyvanilia cxrilSi 4.
miRebuli Sedegebi mowmoben, rom cal-calke kobaltiTa da
nikeliT legireba iwvevs β-boris Zvris modulis amaRlebas.
malegirebeli elementebis koncentraciis gazrdiT izrdeba
sacdeli nimuSebis Zvris modulis sidideebi. maRali
koncentraciebiT legirebul kristalebSi Zvris moduli
miiswrafis najerobisaken.
2.3. kobaltiTa da nikeliT legirebis gavlena
β-romboedruli boris aradrekad Tvisebebze
β-boris struqturaSi 3d-metalebis atomebi ikaveben ori an sami
tipis Canergvis pozicias da amJRavneben gansxvanebul eleqtrul
aqtivobas. 3d-metalebis atomebis eleqtronuli aRnagoba da
geometriuli faqtori mniSvnelovnad gansazRvravs maT mier
Canergvis sxvadasxva poziciis Sevsebis albaTobas.
gasaTvaliswinebelia is garemoeba, rom kobaltis atomSi s da d-
zolebSi ganawilebulia 9 eleqtroni (s-zolSi 0,6 eleqtroni,
xolo d-zolSi - 8,4). gansxvavebiT kobaltisagan, nikelis atomSi
savalento s-da lokalizebul d-energetikul zolebSi 10
eleqtronia ganawilebuli (0,6 eleqtroni s-zolSi, xolo 9,4
eleqtroni d-zolSi). es niSnavs, rom orive SemTxvevaSi  maRalia
kristalur meserSi gacvliTi Zalebisa da lokaluri bmebis
warmoqmnis albaToba [128].
kobaltiTa da nikeliT legirebis gavleniT savaraudoa, ufro
mkveTrad gamovlindes β-boris meserSi lokalizebuli Zlieri
SP3 tetraedruli kavSirebis Camoyalibebis tendenciebi, rac
ganapirobebs borSi sxvadasxva tipis struqturuli defeqtebis
Zvradobis cvlilebis SesaZleblobebs. aRniSnulidan gamomdi-
nare, rogorc praqtikuli, aseve mecnieruli TvalsazrisiT
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sainteresoa sxvadasxva koncentraciis kobaltiTa da nikeliT
legirebuli β-boris kristalebis struqturulad-mgrZnobiare
Tvisebebis kvleva.
2.3.1. polikristaluri β-romboedruli boris
aradrekadi Tvisebebi
Seswavlilia boris nitridis tigelSi gamdnari da 2050K
temperaturaze wnevis qveS Semcxvari β-boris kiristalebis
Sinagani xaxunisa da Zvris dinamiuri modulis temperaturuli
damokidebulebebi 77-300K intervalSi argonis atmosferoSi.
gazomvebi Sesrulebulia amplitudur deformaciaze - 5.10-5,
gaciveba - gaxurebis siCqariT 2grad/wT.
Sinagani xaxunis speqtrSi 150 da 250K temperaturebis maxloblo-
baSi grexiTi rxevebis 0,8hc. sixSireze gamovlenilia ori mcire
intensivobis maqsimumi. orive maqsimumi dabali intensivobis
fonTan erToblivad warmoadgens Ppolikristaluri β-boris
Sinagani xaxunis temperaturul speqtrs 77-300K temperaturul
intervalSi (nax.12).
nax. 12. polikristaluri β-boris Sinagani xaxunis
temperaturuli damokidebuleba
1- nadnobi, fo=0,8hc.; 2- cxlad dawnexili, fo=1,0hc.,
fo- rxevis sixSire 77 K temperaturaze.
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rogorc naxazidan Cans, rxeviTi energiis fonuri tipis gabneva
aRniSnul intervalSi damoukidebelia temperaturaze. fonis
intensivoba ar icvleba grexiTi rxevebis sixSiris SecvliT 0,5-
dan 5,0hc.-mde. Aam dros icvleba orive maqsimumis temperatura.
kerZod sixSiris gazrdiT maqsimumebi gadainacvleben maRali
temperaturebis mimarTulebiT. Teoriis Tanaxmad, aseTi
maqsimumebi relaqsaciuri warmoSobisaa [121].
sixSiruli gadanacvlebis meTodiT dadginda relaqsaciuri
maqsimumebis ganmsazRvreli struqturuli defeqtebis moZraobis
aqtivaciis energiis mniSvnelobebi da maT safuZvelze areniusis
cnobili Tanafardobidan gamoTvlilia sixSiris faqtoris
sidideebi. relaqsaciuri maqsimumebis aqtivaciuri maxasiaTeblebi
warmodgenilia cxrilSi 5.
P
polikristaluri β-boris fizikur-meqanikuri maxasiaTeblebi
cxrili 5.
β-boris
sacdeli
nimuSebi
maqsimumebis
temperatura,
K
Aaqtivaciis
energia,
ev
sixSiris
faqtori,
wm-1
Zvris
modulis
gazomvis
temperatura,
K
Zvris
moduli,
kg/mm2
Nnadnobi,
sawyisi
150 0.15 1.106 77 19,8
250 0.50 2.109 300 19,5
Nnadnobi,
Mmomwvari,
1270K,5sT
145 0.17 3.106 77 20,0
250 0.45 4.109 300 20,1
cxlad
dawnexili,
sawyisi
150 0.20 3.106 77 16,5
260 0.50 1.1010 300 16,0
cxlad
dawnexili,
momwvari
1270K,5sT
155 0.22 5.106 77 18,5
265 0.55 2.1010 300 17,5
77-300K temperaturul intervalSi Zvris dinamiuri moduli wrfi-
vad umniSvnelod mcirdeba. relaqsaciuri procesebis maqsimumebis
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areebSi Zvris modulis grafikze SeiniSneba damatebiTi Semcireba
anu modulis defeqti. Mmisi sidide procesis intensivobis
proporciulia (nax. 13).
nax. 13. polikristaluri β-boris Zvris modulis temperaturuli
damokidebuleba 77-300K intervalSi
1- nadnobi, fo=0,8hc.; 2- cxladdawnexili, fo=1,0hc.
fo- rxevis sixSire 77 K temperaturaze.
relaqsaciuri procesisaTvis damaxasiaTebelia temperaturis da
gareSe niSancvladi Zabvis zemoqmedebiT defeqtebis Seqcevadi
xasiaTis moZraobis aqtivacia. rac Tavis mxriv iwvevs
atomTaSorisi kavSiris Zalebis lokalur Sesustebas da
Sesabamisad, meqanikuri modulebis Semcirebas. Ees garemoeba
mocemul konkretul SemTxvevaSi asaxulia Zvris modulis
defeqtiT orive relaqsaciuri maqsimumis maxloblobaSi.
maRalamplituduri cikluri deformacia (ciklebis raodenoba-
200, amplituduri deformacia- 1.10-3) 970K temperaturaze argonis
garemoSi sagrZnoblad zrdis orive maqsimumis naxevargansa
(~1,3–1,5-jer)  da intensivobas, aseve 5-10K-iT iwvevs maqsimumebis
gadanacvlebas dabali temperaturebisaken. deformirebul mdgoma-
reobaSi SeimCneva maqsimumebis aqtivaciis energiis Semcirebis
tendencia. deformaciis ciklebis raodenobis gazrda 500-mde
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praqtikulad gavlenas ar axdens maqsimumebis aqtivaciur
maxasiaTeblebze.
ciklurad deformirebuli nimuSis mowva 1270K temperaturaze
vakuumSi 5sT-is ganmavlobaSi mniSvnelovnad (~20%) amcirebs
maqsimumebis intensivobasa da naxevarganis sidideebs, dadable-
buli da praqtikulad temperaturisgan damoukidebelia fonuri
Sinagani xaxunis intensivoba, aqtivaciuri maxasiaTeblebi
izrdeba sawyisi mdgomareobis mniSvnelobamde.
dnobiT miRebuli nimuSisagan gansxvavebiT maRaltemperaturaze
dawnexili boris Zvris moduli 77-300K temperaturul intervalSi
xasiaTdeba wrfivi SemcirebiT. relaqsaciuri maqsimumebis
maxloblobaSi Zvris modulis grafikze gamovlenilia
damatebiTi Semcireba. maRaltemperaturuli Termuli damuSaveba
(mowva vakuumSi 1270K temperaturaze, 5sT-is ganmavlobaSi)
amcirebs Zvris modulis defeqtis sidideebsa da temperaturul
intervalebs, rac sruliad Seesabameba relaqsaciuri maqsimumebis
maxasiaTeblebis cvlilebas Termuli zemoqmedebis gavleniT.
dawnexili nimuSebis dabaltemperaturuli fizikur-meqanikuri
maxasiaTeblebi warmodgenilia cxrilSi 5.
identuri zomis etalonTan (vanadiumi) Sedarebis meTodiT
ganisazRvra orive teqnologiiT miRebuli β-boris nimuSebis
Zvris modulis absoluturi sidideebi 77 da 300K temperaturebze.
dawnexili nimuSis meqanikuri maxasiaTebeli ~15%-iT naklebia
dnobiT miRebul nimuSTan SedarebiT. 1270K temperaturaze mowva
vakuumSi 5sT-is ganmavlobaSi umniSvnelod zrdis nadnobi
nimuSis Zvris modulis sidides. maRaltemperaturuli mowva
mniSvnelovnad (~15%) zrdis dawnexili nimuSis Zvris modulis
absolutur mniSvnelobas. rogorc sawyisi, aseve Termulad
damuSavebuli nadnobi nimuSebis cikluri deformacia 970K
temperaturaze avlens Zvris modulis sididis umniSvnelod
Semcirebis tendencias. Mmetad sagrZnobia ciklurad
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deformirebuli  dawnexili nimuSebis Zvris modulis sididis
Semcireba.
tigelSi dnobiT miRebuli β-boris Sinagani xaxunis speqtri 1hc-
sixSireze 300-1000K temperaturul intervalSi xasiaTdeba
dabali intensivobis foniTa da intensiuri maqsimumebiT 500, 570
da 720K temperaturebze (nax. 14).
nax. 14.  polikristaluri β-boris Sinagani xaxunis
speqtri 300-1000K intervalSi
1- nadnobi, fo=1,2hc.; 2- cxlad dawnexili, fo= 1,25hc.
fo- rxevis sixSire 300K temperaturaze.
500 da 7200K temperaturebze gamovlenili maqsimumebi gamoirCeva
metad didi naxevarganiT, rac adasturebs rxeviTi energiis
gabnevis farTo speqtris arsebobas. ganmeorebiTi gazomviT
miRebuli speqtris fonis intensivoba sawyisi mdgomareobisaTvis
damaxasiaTebeli fonis intensivobis rigisaa. es miuTiTebs
maszed, rom fonis formirebaSi monawile defeqtebi Termulad
mdgradia 1000K-mde. maTTan SedarebiT arastabiluria maqsimumebis
formirebaSi monawile defeqtebi, radganac ganmeorebiT speqtrSi
sagrZnoblad Semcirebulia samive maqsimumis naxevargani (10-20%)
da intensivoba. gansakuTrebiT aRsaniSnavia 500K temperaturis
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areSi arsebuli maqsimumis naxevarganis da intensivobis
Semcireba (~20%).
morigi gazomva Sesrulda 500K temperaturaze vakuumSi 5sT-is
ganmavlobaSi dayovnebis Semdeg. 500K temperaturazeMmaqsimumis
simaRle praqtikulad dayovnebis procesSi cvlilebas ar
ganicdis. Aaseve ucvlelia Sinagani xaxunis speqtri. aRsaniSnavia,
rom aseTi Termuli damuSaveba radikalurad cvlis
monokristaluri boris Sinagani xaxunis speqtrs: daaxloebiT 10-
jer mcirdeba 500K-ze maqsimumebis intensivoba, 3-5-jer mcirdeba
fonis intensivoba 300-1000K intervalSi, xolo ucvlelad rCeba
570K -ze maqsimumis temperatura, intensivoba da naxevargani [129].
rxevis sixSiris gazrdiT, 570K temperaturaze arsebuli
maqsimumis temperatura ar icvleba. Teoriis Tanaxmad [121]
sixSirisagan damokidebuli maqsimumebi ganpirobebulia fazuri
gardaqmnis tipis procesebiT. danarCeni ori maqsimumis
gadanacvleba maRali temperaturebisken adasturebs maT
relaqsaciur bunebas. maqsimumebis damaxasiaTebeli aqtivaciis
energiisa da sixSiris faqtoris mniSvnelobebi warmodgenilia
cxrilSi 6.
Seswavlilia sxvadasxva temperaturaze maRalamplituduri
cikluri deformaciis gavlena Sinagani xaxunis speqtrze.
dadgenilia, rom 650-1000K temperaturis intevalSi maRalampli-
tuduri deformacia (ε≈5.10-3, ciklebis raodenoba - 200) 20-25%-iT
amaRlebs 680K temperaturaze relaqsaciuri maqsimumis
intensivobas. praqtikulad ar cvlis maqsimumis formasa da
temperaturas. praqtikulad ar icvleba aseve 720K temparaturaze
maqsimumis maxasiaTeblebi, 10-15%-iT amaRlebs 500K-ze maqsimumis
intensivobas da iwvevs mis gadanacvlebas 15-20K-iT  dabali
temperaturebis mimarTulebiT. aRniSnul pirobebSi
ganxorcielebuli grexiTi cikluri deformacia gavlenas ar
axdens 720K temperaturaze maqsimumis maxasiaTeblebze.
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deformirebuli nimuSis mowva 500K-ze 5sT-is ganmavlobaSi iwvevs
yvela maqsimumis gadanacvlebas ~20K-iT maRali temperaturebis
mimarTulebiT, amcirebs 500K-ze maqsimumis intensivobas sawyis
donemde. Aamis Semdgomi cikluri deformacia 1020K-ze (ε≈5.10-3,
ciklebis raodenoba _ 200) praqtikulad ar cvlis Sinagani
xaxunis speqtrs. 500K temperaturis areSi maqsimumi ~20K-Ti
gadaadgildeba dabali temperaturebisaken, misi intensivoba
izrdeba ~15%-iT. Termuli damuSavebisa da maRalamplituduri
deformaciis gavlenis Sedegebi asaxulia cxrilSi 6.
Ppolikristaluri β-boris fizikur-meqanikuri maxasiaTeblebi
300-1000K intervalSi
cxrili 6.
β-boris
sacdeli
nimuSebi
Sinagani
xaxunis
maqsimumebis
temperatura,
K
Mmaqsimumebis
buneba
Aaqtivaciis
energia,
ev
sixSiris
faqtori,
wm-1
Nnadnobi,
sawyisi
mdgomareoba
500
570
720
relaqsaciuri
ararelaqsaciuri
relaqsaciuri
1,30
_
2,20
1.1014
_
8.1014
Nnadnobi,
deformire-
buli, 700K,
ε ≈ 5.10-3,
N=200
490
570
700
relaqsaciuri
ararelaqsaciuri
relaqsaciuri
1,25
_
2,10
7.1013
_
5.1014
cxlad
dawnexili,
sawyisi
mdgomareoba
485
570
690
relaqsaciuri
ararelaqsaciuri
relaqsaciuri
1,25
_
2,10
5.1013
_
6.1014
cxlad
dawnexili,
deformire-
buli, 700K,
ε ≈ 5.10-3,
N=200
480
570
670
relaqsaciuri
ararelaqsaciuri
relaqsaciuri
1,15
_
2,00
2.1013
_
3.1014
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aRsaniSnavia, rom sacdeli nimuSebis gaxureba-gacivebis siCqaris
cvlileba, 1-3 K/wT intervalSi, iwvevs maqsimumebis temperaturis
da intensivobis umniSvnelo cvlilebebs. Ees cvlilebebi
gavlenas ar axdenen  relaqsaciuri procesebis aqtivaciur
maxasiaTeblebze.
cxladdawnexili sacdeli nimuSis Sinagani xaxunis speqtri
Seicavs dnobiT miRebuli kristalebisaTvis damaxasiaTebel
yvela relaqsaciur da ararelaqsaciur maqsimums (nax. 14).
ganmasxvavebeli niSnebia pirveli maqsimumis mkveTrad
Semcirebuli intensivoba, misi temperaturis ~20K-iT dadableba,
500-800K intervalSi fonuri Sinagani xaxunis intensivobis
SesamCnevad amaRleba, mesame maqsimumis intensivobis
mniSvnelovnad amaRleba da gadaadgileba 30K-iT dabali
temperaturebis mimarTulebiT. nimuSis damaxasiaTebeli
relaqsaciuri Sinagani xaxunis aqtivaciuri parametrebi
warmodgenilia cxrilSi 6. cxrilidan Cans, rom cxladdawnexili
nimuSis aqtivaciuri parametrebi naklebia dnobiT miRebuli
nimuSis analogiur maxasiaTeblebTan SedarebiT.
Sinagani xaxunis procesebis analizisaTvis mniSvnelovania is
garemoeba, rom cxladdawnexili nimuSis Sinagani xaxunis
maqsimumebi amJRavneben Zlier damokidebulebas rxevis
amplitudaze, rac avlens maT deformaciul bunebas.
specifikuria aseve isic, rom samive maqsimumis intensivoba
mcirdeba TiToeuli maTganis temperaturaze mowvis procesSi.
amis Semdgomi cikluri maRalamplituduri deformaciiT
maqsimumebis temperaturebze (500, 570 da 680K) SesaZlebelia
samive maqsimumis intensivobis amaRleba da najerobis
mdgomareobis miRweva. aseT mdgomareobaSi relaqsaciuri
maqsimumebis aqtivaciuri maxasiaTeblebi minimumamde mcirdebian.
mowva vakuumSi ~1000K temperaturaze 10sT-is ganmavlobaSi 25-30%-
iT amcirebs fonisa da samive maqsimumis intensivobas, ris
Semdegac mowvis xangrZlivobis gazrda gavlenas aRar axdens
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maqsimumebis formaze, temperaturasa da intensivobaze. momwvar
mdgomareobaSi relaqsaciuri maqsimumebis aqtivaciuri maxasiaTeb-
lebi amaRlebulia (cxr. 6).
300-1000K intervalSi polikristaluri β-boris Zvris modulis
temperaturul speqtrSi naTladaa asaxuli relaqsaciuri da
ararelaqsaciuri procesebis gamomwvevi struqturuli
defeqtebis Zvradobis cvlilebebi (nax. 15). Aase mag. 500K tempera-
turis areSi Zvris modulis defeqti 0,18-0,20-s aRwevs, rac erTi
rigiT maRalia wertilovani defeqtebis migraciasTan
dakavSirebuli dinamiuri Zvris modulis defeqtis mniSvnelobaze
kuburi da heqsagonaluri simetriis myar sxeulebSi [120].
Nnax. 15. polikristaluri β-boris Zvris modulis temperaturuli
speqtri 300-900K intervalSi
1- nadnobi, fo=1,2hc.; 2- cxladdawnexili,   fo=1,25hc.
fo- rxevis sixSire 300K temperaturaze.
570K temperaturis areSi gamovlenilia Zvris modulis
damatebiTi Semcireba, rac ganpirobebulia β-boris kristalur
meserSi mimdinare fazuri gardaqmnis tipis procesebiT. 600-750K
intervalSi nacvlad mdored Semcirebisa adgili aqvs Zvris
modulis mkeTrad amaRlebas. meqanikuri Tvisebebis aRniSnuli
xasiaTis cvlilebebs ganapirobebs struqturis dinamiuri
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ganmtkiceba. ganmtkicebis efeqti maqsimaluria 650-750K
intervalSi. 680K-dan iwyeba  Zvris modulis mniSvnelovnad
Semcireba. rac gamowveulia amave temperaturis maxloblobaSi
mimdinare relaqsaciuri procesebiT. 800-1000K intervalSi Zvris
moduli xasiaTdeba sustad wrfivi SemcirebiT. Zvris modulis
temperaturuli speqtris ganmeorebiTi gazomvis Sedegebi
ZiriTadad emTxveva pirveli eqsperimentis Sedegebs, magram Zvris
modulis defeqtisa da misi anomaluri zrdis mniSvnelobebi
SedarebiT Semcirebulia.
Zvris modulis defeqtisa da anomaluri zrdis mniSvnelobebis
marTva SesaZlebelia sxvadasxva temperaturaze mowviT. 500K
temperaturaze 5sT-is ganmavlobaSi mowva mniSvnelovnad amcirebs
Zvris modulis defeqtis sidides 500 da 570K temperaturebze da
modulis anomalurad amaRlebas 570-670K intervalSi,
praqtikulad gavlenas ar axdens 680K-ze Zvris modulis
defeqtis sidideze. cikluri deformacia rxevis maRal
amplitudaze (ε≤5.10-3)  500-1000K intervalSi zrdis 15-20%-iT modu-
lis defeqtis sidides 500, 570 da 680K temperaturebze, mkveTrad
amaRlebs Zvris moduls 580-700K intervalSi. aRniSnuli xasiaTis
cvlilebebi ganpirobebulia dislokaciuri warmoSobis
defeqtebis blokirebisa da eleqtronuli bmebisagan ganTavi-
suflebis procesebiT, rac xorcieldeba Termuli damuSavebiTa
da maRali amplituduri deformaciebiT 500-1000 K intervalSi.
SedarebiT mkveTrad aris gamovlenili maqsimaluri Sinagani
xaxunis temperaturebze Zvris modulis defeqti da aseve
dinamiuri meqanikuri ganmtkiceba 600-700K intervalSi.
cxladdawnexili β-boris Zvris modulis temperaturul speqtrSi
modulis anomaluri cvlilebis temperaturebi gadanacvlebulia
20-30K-iT dabali temperaturebis mimarTulebiT. 500-600K
intervalSi Zvris modulis zigzagiseburi dadableba
dakavSirebulia 500 da 570K temperaturebze meqanikuri Zabvisa da
temperaturis zemoqmedebiT ganpirobebul rxeviTi energiis
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relaqsaciuri da ararelaqsaciuri warmoSobis procesebTan. 600-
1000K intervalSi maRalamplituduri cikluri deformacia
aZlierebs Zvris modulis vardnas 500, 570 da 680-700K
temperaturebis areSi. Aamave dros sagrZnoblad mcirdeba Zvris
modulis amaRleba 570-700K intervalSi.
savaraudoa, rom maRalamplituduri deformaciisa da
temperaturis erTdrouli zemoqmedebiT irRveva struqturuli,
planaruli da wertilovani defeqtebis kompleqsebi, romlebSiac
mowesrigebuli stabiluri konfiguraciebis formirebas SeuZlia
ganapirobos dislokaciuri defeqtebis blokireba da meqanikuri
ganmtkiceba. deformirebuli nimuSis mowva 600-1000K intervalSi 5-
10sT-is ganmavlobaSi SesamCnevad (~15%) amcirebs Zvris modulis
defeqtis sidides da aaqtiurebs meqanikuri ganmtkicebis process.
aRniSnuli xasiaTis Termuli zemoqmedebiT SesaZlebelia
defeqtebis koncentraciis gansazRvruli raodenobiT Semcireba
da meqanikur ganmtkicebaSi monawile kompleqsebis raodenobrivi
da konfiguraciuli cvlileba.
2.3.2. kobaltiT legirebuli β-romboedruli boris
kristalebis Sinagani xaxunisa da Zvris dinamiuri
modulis temperaturuli damokidebuleba
β-boris kristalebis struqturaSi kristalizaciis periodsa da
SemdgomSi oTaxis temperaturamde gacivebisas yalibdeba
specifikuri dislokaciuri struqtura (oreulovani da
nawilobrivi dislokaciebi, sruli dislokaciebi), romelic
faqtiurad blokirebulia minarevebis atomebisagan warmoqmnili
kotrelis tipis atmosferoebiT, boris SenadnobebSi meore
komponentis arseboba xSir SemTxvevaSi ganapirobebs
araerTgvarovani Zabvebis arsebobas. isini SemkumSavia Tu
malegirebeli atomi matricisagan gansxvavdeba atomuri radiusis
simciriT. gaWimvis Zabvebi yalibdeba didi atomuri radiusis
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malegirebeli elementis maxloblobaSi. lokalizebuli Zabvebi
gansazRvrul Zvradobas aniWebs maT maxloblobaSi arsebul
dislokaciebs.
3d-metalebiT legirebuli β-boris struqturaSi Canergili
minarevis atomis areSi warmoiqmneba Zlieri hibriduli d-s kavSi-
rebi. isini SesamCnevad zrdian garemomcveli atomebis konfigu-
raciebsa da elementaruli ujredis moculobas. Zlieri
atomTaSorisi kavSirebis formireba gavlenas axdens
dislokaciebis birTvebis energetikul parametrebze, rac arsebiT
rols asrulebs fizikur-meqanikuri Tvisebebis  maxasiaTeblebis
cvlilebebSi.
dabal temperaturebze (T≤300K) myar sxeulebSi Sinagani xaxunis
temperaturuli speqtri xasiaTdeba bordonis tipis ori da
xasigutis tipis 2-3 maqsimumiT, romlebic xasiaTdebian aqtivaciis
energiis mcire mniSvnelobebiT (0,1-0.5ev). maTi damaxasiaTebeli
sixSiris faqtoris mniSvnelobebi 4-5 rigiT dabalia
wertilovani defeqtebis difuzuri moZraobiT gansazRvruli
relaqsaciuri procesebis sixSiris faqtoris sidideebisagan.
procesis aqtivaciuri parametrebi mniSvnelovnad aris
damokidebuli atomTaSorisi kavSiris Zalebis bunebaze.
saxeldobr, naxevargamtarul masalebSi bordonis tipis
dislokaciuri relaqsaciuri procesi vlindeba oTaxis
temperaturis zemoT da xasiaTdeba aqtivaciis energiis metad
maRali mniSvnelobiT (1.0-2.0ev), maSin rodesac metalebSi
analogiuri procesebis aqtivacia xorcieldeba erTi rigiT
dabali aqtivaciis energiiT [120].
kobaltiT legireba ganapirobebs β-borSi sxvadasxva tipis
dislokaciisa da maTTan urTierTqmedi wertilovani defeqtebis
konfiguraciebis formirebas. Sesabamisad mosalodnelia
maqsimumebiT mdidari relaqsaciuri Sinagani xaxunis speqtrebis
gamovlineba.
Seswavlilia kobaltiT legirebuli β-boris polikristaluri
Senadnobebis Sinagani xaxunisa da Zvris modulis temperaturuli
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damokidebuleba 80-300K intervalSi grexiTi rxevebis sixSiris
0.5-5.0hc intervalSi gaxureba-gacivebis 1K/wT siCqariT. B+0.5at%Co
Senadnobis Sinagani xaxunis speqtrSi 150 da 245K temperaturebze
gamovlenilia ori mcire intensivobis maqsimumi temperaturis
zrdis pirobebSi (nax. 16). speqtri warmodgenilia temperature-
sagan praqtikulad damoukidebeli foniT. misi fardobiTi
intensivoba Zneladdnobadi moculobacentrirebuli simetriis
mqone metalebis fonis rigisaa.
nax. 16. kobaltiT legirebuli β-boris Sinagani xaxunis da
Zvris modulis temperaturuli speqtri
1.B+0,5at%Co; 2. B+1,2at%Co; 3. B+2,0at%Co
maqsimumebis temperaturebi icvleba grexiTi rxevebis sixSiris
cvlilebiT 0.5-5.0hc diapazonSi, es adasturebs maT relaqsaciur
bunebas. maqsimumebi Termuli mdgradobiT erTmaneTisagan
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mkveTrad gansxvavdeba. pirveli maqsimumi Termulad mdgradia,
radganac vakuumSi mowva 300-500K intervalSi 0.5-5sT-is
ganmavlobaSi praqtikulad gavlenas ar axdens mis intensivobasa,
temperaturul mdgomareobasa da formaze. meore maqsimumi
mTlianad CaixSoba 450-500K temperaturul intervalSi erTi
saaTis ganmavlobaSi vakuumSi mowvis Sedegad. maRalamplituduri
deformacia (εmaqs.~5·10-3, N=500) 400-500K temperaturebze sustad
(~10%-iT) amaRlebs pirveli maqsimumis intensivobas, praqtikulad
gavlenas ar axdens meore maqsimumis intensivobaze.
mniSvnelovania is garemoebac, rom deformirebuli nimuSis
dayovneba 450K-ze daaxloebiT 1,5-jer zrdis meore maqsimumis
intensivobas, maSin rodesac aseT pirobebSi pirveli maqsimumis
intensivoba metad mcired izrdeba (~5%).
sixSiruli gadaadgilebisa da naxevarganis gansazRvris meTodiT
Sefasebuli iqna orive maqsimumis aqtivaciis energiis sidideebi,
temperaturisagan Sinagani xaxunis eqsponencialuri damokidebu-
lebebis safuZvelze Sefasebulia relaqsaciaSi monawile
defeqtebis sixSiris faqtoris mniSvnelobebi. orive meTodiT
gansazRvruli sidideebi praqtikulad identuria, riTac
dasturdeba, rom orive relaqsaciuri procesi SesaZlebelia
aRwerili iqnas relaqsaciis drois erTi mniSvnelobiT.
relaqsaciuri Sinagani xaxunis maqsimumebis aqtivaciuri
maxasiaTeblebi warmodgenilia cxrilSi 7.
kobaltis koncentraciis gazrdiT orive relaqsaciuri
maqsimumis intensivoba izrdeba, rac mowmobs relaqsaciaSi
monawile defeqtebis koncentraciis amaRlebas. aRsaniSnavia, rom
orive maqsimumis temperatura mcirdeba β-boris struqturaSi
kobaltis koncentraciis gazrdiT. SesamCnevad ganier formas
iZens meore maqsimumi 230-250K temperaturebis areSi.
maqsimumebis temperaturebze Zvris moduli sustad mcirdeba.
Zvris modulis temperaturuli cvlileba 80-300K intervalSi
wrfivia da xasiaTdeba susti SemcirebiT oTaxis temperaturis
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areSi (nax. 16). maRalamplituduri deformacia 450-500K interval-
Si zrdis Zvris modulis wrfivad Semcirebis siCqares.
kobaltiT legirebuli β-boris Senadnobebis Sinagani
xaxunis maqsimumebis aqtivaciuri maxasiaTeblebi
cxrili 7.
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Mmaqsimumis buneba
B+0,5at%Co
150 0,18 2.109 0,15 relaqsaciuri
245 0,40 4.109 0,20 relaqsaciuri
450 1,00 2.1012 2,80 relaqsaciuri
520 1,30 5.1013 6,80 relaqsaciuri
570 _ _ 0,5 ararelaqsaciuri
690 2,20 1.1015 2,50 relaqsaciuri
B+1,2at%Co
140 0,15 8.108 0,15 relaqsaciuri
230 0,30 3.109 0,25 relaqsaciuri
450 1,00 1.1012 4,50 relaqsaciuri
520 1,25 2.1013 3,70 relaqsaciuri
570 _ _ 0,25 ararelaqsaciuri
680 2,00 8.1014 3,80 relaqsaciuri
B+2,0at%Co
135 0,12 5.108 0,22 relaqsaciuri
225 0,25 1.109 0,32 relaqsaciuri
450 1,00 1.1012 4,50 relaqsaciuri
520 1,25 1.1013 6,30 relaqsaciuri
670 1,85 5.1014 4,50 relaqsaciuri
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grexiTi rxevebis sixSiris 0,5-5,0hc diapazonSi B+0.5at%Co
Senadnobi xasiaTdeba Sinagani xaxunis rTuli temperaturuli
speqtriT (nax. 17,1) igi Sedgeba oTxi urTierTzeddebuli
maqsimumisa da eqsponencialurad mzardi fonisagan. aRniSnuli
garemoeba ganapirobebs maqsimumebis gaganierebasa da formis
asimetriulobas. maqsimumebis temperaturebia 450, 520, 570 da 690K.
nax. 17. kobaltiT legirebuli boris Sinagani xaxunis speqtri
temperaturis 300-1000K intervalSi
1- B+0,5at%Co, f0=1,0hc; 2- B+1,2at%Co, f0=1,3hc;
3- B+2,0at%Co,  f0= 1,2hc.
aralegirebul borTan SedarebiT maqsimumebis intensivoba erTi
rigiT maRalia 690K temperaturis areSi. yvela maqsimumis
intensivoba izrdeba rxevis amplitudis gazrdiT _ sustad 450K
da Zlierad 520 da 570K temperaturebze. aRniSnuli xasiaTis
cvlilebebi ZiriTadad ganpirobebulia β-boris struqturaSi
arsebuli dislokaciebis maRali ZvradobiT Zabvis velSi.
ganmeorebiT speqtrSi fonisa da pirveli sami maqsimumis
intensivoba 10-15-jer Semcirebulia. gazomvebisaTvis sacdeli
nimuSis momzadeba almasis diskiT daWriTa da qimiuri mowamvliT
zedapirul fenebSi warmoSobs aramdgrad defeqtebs (vakansiebi,
90
vakansiaTa kompleqsebi, mikroforebi da bzarebi), maTi moZraoba
ganapirobebs fonisa da calkeuli maqsimumis intensivobis
SesamCnevad amaRlebas. mowva 0,5sT-is ganmavlobaSi 520K
temperaturaze mkveTrad amcirebs defeqtebis koncentracias da,
Sesabamisad, Sinagani xaxunis temperaturuli speqtris
Semadgeneli fonis intensivobas, ~20%-iT amcirebs 520 da 570K
temperaturebze maqsimumebis intensivobas.
B-0.5at%Co Sedgenilobis sxvadasxva zomis  ramdenime nimuSis
Sinagani xaxunis speqtris gazomviT sxvadasxva sixSireze
dadgenda, rom 450, 520 da 680K temperaturebze arsebuli
maqsimumebi rxevis sixSiris gazrdiT 15-30K-iT gadaadgildebian
maRali temperaturebisaken, rac maT relaqsaciur warmoSobas
adasturebs. sixSiris gazrda iwvevs  Sinagani xaxunis
eqsponencialuri fonis gadanacvlebas maRali temperaturebis
mimarTulebiT, riTac vlindeba fonis relaqsaciuri buneba.
relaqsaciuri maqsimumebis aqtivaciuri maxasiaTeblebi
gansazRvrulia sixSiruli gadanacvlebis meTodiT, miRebuli
Sedegebi warmodgenilia cxrilSi 7.
maqsimumebis meqanizmebis dadgenisaTvis aqtivaciis energiis
sidideebi Sefasebulia vertisa da marqsis cnobili meTodiT
[121], romelic samarTliania mxolod wertilovani defeqtebis
difuzuri moZraobis procesebisaTvis gareSe meqanikuri Zabvisa
da temperaturis erTdrouli zemoqmedebiT. miRebuli sidideebi
20-25%-iT maRalia sixSiruli gadanacvlebis meTodiT
gansazRvrul monacemebTan SedarebiT. aqedan gamomdinare cxadia,
rom B+0.5at%Co-is Sinagani xaxunis speqtrSi 450, 520 da 690K
temperaturebze arsebuli relaqsaciuri maqsimumebi ar arian
ganpirobebuli wertilovani defeqtebis rxeviTi moZraobiT. maTi
intensivobis Zlieri amplituduri damokidebuleba da zemoT
warmodgenili SedarebiTi analizi iZleva myar safuZvels
dakavSirebuli iqnas samive relaqsaciuri maqsimumi perioduli
meqanikuri Zabvisa da temperaturis gavleniT gansazRvruli tipis
dislokaciebis moZraobasTan.
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cxrilSi 7. warmodgenilia calkeuli relaqsaciuri maqsimumis
fardobiTi intensivobisa da naxevarganis mniSvnelobebi. es
ukanaskneli proporciulia integraluri relaqsaciuri procesis
Semadgeneli elementaruli aqtebis raodenobis, xolo maqsimumis
intensivoba damokidebulia relaqsaciur Sinagan xaxunSi
monawile defeqtebis koncentraciaze.
xanmokle mowva (500K, 0,5sT.) mniSvnelovnad amcirebs relaqsa-
ciuri Sinagani xaxunis intensivobas 400-600K temperaturul
SualedSi, xolo 1270K temperaturaze mowva 10sT-is ganmavlobaSi
erTi rigiT amcirebs relaqsaciuri procesebis intensivobas da
praqtikulad gavlenas ar axdens maRaltemperaturuli fonis
intensivobaze. is miuTiTebs maszed, rom mowviT ar icvleba
fonis ganmsazRvreli defeqtebis koncentracia da maTi
moZraobis aqtivaciis energiis sidide. es warmoadgens Sinagani
xaxunis fonis formirebaSi monawile  defeqtebis Termul
mdgradobis dadasturebas.
1270K temperaturaze mowvis Semdeg maRalamplituduri cikluri
deformacia 520K temperaturaze (ε~5.10-3, ciklebis raodenoba- 500)
iwvevs samive relaqsaciuri maqsimumis intensivobis mkveTrad
zrdas. aRsaniSnavia, rom maTi intensivobebi 1.5-2-jer maRalia
nimuSis sawyisi mdgomareobisaTvis damaxasiaTebel sidideebTan
SedarebiT. es niSnavs, rom maRal temperaturebze cikluri
deformaciiT SesaZlebelia Senadnobis struqturaSi minarevebis
atmosferoebiT damuxruWebuli dislokaciebis nawilobrivad
ganTavisufleba bmisagan da, Sesabamisad maTi Zvradobis
amaRleba.
deformirebuli nimuSebis Sinagani xaxunis speqtrSi SeiniSneba
dislokaciuri warmoSobis maqsimumebis gadanacvleba 15-20K-iT
dabali temperaturebisaken. maTi moZraobis aqtivaciisaTvis
deformirebul mdgomareobaSi naklebi sididis energiaa saWiro.
amis Semdgomi mowva 770-1270K temperaturul intervalSi 0.5sT-is
ganmavlobaSi iwvevs speqtris intensivobis sagrZnoblad Semcire-
bas. mowvis procesSi adgili aqvs advilad moZravi minarevebis
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gadanawilebas dislokaciebis atmosferoSi da maTze arsebuli
merxevi segmentebis damoklebasa da moZraobis SezRudvas.
kobaltiT legirebul borSi  yvela relaqsaciuri maqsimumi da
eqsponencialuri foni wanacvlebulia maRali temperaturebisaken.
erTdroulad mcirdeba dislokaciuri warmoSobis Sinagani
xaxunis maqsimumebis intensivoba da eqsponencialuri fonis
daxriloba. rac miuTiTebs fonis warmomqmneli struqturuli
defeqtebis bmebis gaZlierebasa da, Sesabamisad, maTi moZraobis
aqtivaciisaTvis saWiro energiis amaRlebaze. aRniSnuli
energetikuli cvlileba dakavSirebulia kobaltis atomebis
maxloblobaSi kavSiris Zalebis lokalurad gaZlierebasa da
atomTaSorisi manZilebis SemcirebasTan; SesaZlebelia
dislokaciuri Sinagani xaxunis intensivobis Semcireba
ganpirobebulia relaqsaciaSi monawile dislokaciebis
damuxruWebis gaZlierebiT.
B+1.2at%Co Senadnobis Sinagani xaxunis temperaturul speqtrSi
B+0.5at%Co Senadnobisagan gansxvavebiT mkveTrad aris
Semcirebuli relaqsaciuri Sinagani xaxunis maqsimumis inten-
sivoba 590K-ze (nax. 17.2). 450 da 680K temperaturebze ki, piriqiT
SesamCnevad izrdeba relaqsaciuri procesebis intensivoba.
eqsperimentuli Sedegebi miuTiTeben, rom kobaltiT legireba
SesamCnevad cvlis aqtivaciis energiis mniSvnelobebs, xolo misi
gavlena sixSiris faqtoris sidideebze umniSvneloa. savaraudoa,
rom kobaltis atomis areSi SemkumSavi Zabvebis velSi
gaZnelebulia struqturis defeqtebis moZraoba. es ganapirobebs
maTi moZraobis aqtivaciis energiis zrdas. SemkumSavi Zabvebis
velSi SesaZlebelia gaizardos relaqsaciis centris sivrculi
lokalizaciis xarisxi, rac ganapirobebs sixSiris faqtoris
mniSvnelobis zrdis tendenciis gamovlinebas.
aralegirebuli β-borisagan gansxvavebiT B+1.2at%Co Senadnobis
Sinagani xaxunis speqtri Termulad mdgradia, radganac fonis
intensivoba mcired iklebs ganmeorebiTi gazomvisas. vakuumSi
mowva 1270K temperaturaze 10sT-is ganmavlobaSi ~20%-iT amcirebs
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dislokaciuri warmoSobis relaqsaciuri maqsimumebis intensive-
bas da 10-15%-iT gadaaadgilebs maT maRali temperaturebisaken.
Sesabamisad vlindeba aRniSnuli maqsimumebisTvis damaxasiaTe-
beli aqtivaciis energiis mniSvnelobaTa zrda. SesaZlebelia
mowvis procesSi izrdeba minarevebis koncentracia
dislokaciebis atmosferoSi, rac ganapirobebs maTi moZraobis
damamuxruWebeli drekadi da eleqtruli warmoSobis barierebis
amaRlebas.
maRaltemperaturuli Termuli damuSaveba mniSvnelovnad zrdis
(3·10-4-dan 8·10-4-mde) amplitudur deformacias, romelzedac iwyeba
dislokaciuri relaqsaciuri maqsimumebis intensivobis mkveTrad
zrda. es garemoeba ganpirobebulia rxevebis energiis gabnevaSi
monawile dislokaciebis segmentebisa da Runvebis bmis energiis
amaRlebiTa da wertilovani defeqtebisagan maTi mowyvetis Zabvis
kritikuli mniSvnelobis gazrdiT.
600-700K temperaturul intervalSi cikluri deformacia rxevis
amplitudis maRal mniSvnelobebze (~1·10-3) ver axdens arsebiT
cvlilebebs Sinagani xaxunis temperaturul speqtrSi. 800-1000K
temperaturul intervalSi maRalamplituduri cikluri
deformacia nawilobriv aRadgens relaqsaciuri maqsimumebis
intensivobas da amcirebs kritikuli amplitudis sidides,
romelzedac dislokaciuri maqsimumebis simaRle izrdeba rxevis
amplitudis gazrdiT. maRal temperaturebze gazrdili
amplituduri deformaciis pirobebSi dislokaciebze arsebuli
segmentebisa da Runvebis mniSvnelovani raodenoba mowydeba
damamuxruWebel kotrelis tipis atmosferos da amis Semdeg
gadaadgildeba ramdenime aTeuli mesris parametris tol
manZilze gareSe Zabvis velSi.
B+2.2at%Co Senadnobis struqturaSi gamovlenili cvlilebebi
naTlad vlindeba struqturulad-mgrZnobiare Sinagani xaxunis
temperaturul speqtrSi. fiqsirebuli relaqsaciuri procesebis
umravlesoba dislokaciuri warmoSobisaa da axasiaTebT
Termuli stabiluroba. maRali koncentraciis kobaltiT
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legirebuli β-boris Senadnobis Sinagani xaxunis temperaturul
speqtrebSi vlindeba gabnevis procesebis intensivobisa da
aqtivaciis energiis zrdis  tendencia, romelic kobaltis
atomebis maxloblobaSi arsebuli bmebis konfiguraciuli
cvlilebebiTa da atomTaSorisi kavSirebis gaZlierebiT aris
ganpirobebuli.
B+2.2at%Co kristalis Sinagani xaxunis speqtri xasiaTdeba
deformaciuli warmoSobis SedarebiT maRali intensivobis
maqsimumebiT, romelTa temperaturebi 15-20K-iT dabalia
aralegirebuli boris Sinagani xaxunis speqtrSi analogiuri
procesebis temperaturebTan SedarebiT. maRal temperaturebze
Sinagani xaxunis eqsponencialurad mzardi fonis daxriloba
Semcirebulia. Sesabamisad Semcirebulia fonis warmoqmnaSi
monawile defeqtebis (vakansiebi, dislokaciebi) moZraobis
aqtivaciis energiis sidideebi. aseTi cvlilebebi SesaZlebelia
dakavSirebulia kobaltis atomebis maxloblobaSi arsebuli
Zabvebis velSi lokaluri potencialuri barieris dawevasTan.
relaqsaciuri procesebis aqtivaciuri maxasiaTeblebi
warmodgenilia cxrilSi 7.
SedarebiT maRali koncentraciis kobaltiT legirebuli boris
dislokaciuri warmoSobis relaqsaciuri procesebis aqtivaciuri
energiis sidideebi 0.15-0.20ev-iT mcirdebian, rac gamowveulia
drekadi deformaciisa da atomTaSorisi urTierTqmedebis
eleqtruli Zalebis gavleniT. deformaciuli warmoSobis axlo
moqmedi Zalebi lokalurad adableben paierlsis potencialur
bariers, xolo Sors moqmedi eleqtronuli Zalebi axdenen
dislokaciis birTvSi gawyvetili savalento kavSirebis
nawilobriv Sevsebas, riTac mcirdeba dislokacia-wertilovani
defeqtis bmis energiis eleqtronuli mdgeneli.
sacdeli Senadnobis Sinagani xaxunis speqtris Termuli
mdgradoba sagrZnoblad amaRlebulia. masSi arsebuli
maqsimumebis intensivoba mxolod 10-15%-iT mcirdeba 1270K
temperaturaze vakuumSi 10sT-is ganmavlobaSi mowviT. mowvis
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Semdeg relaqsaciuri maqsimumebis temperaturebi da aqtivaciuri
parametrebi umniSvnelod izrdeba, riTac gansxvavdebian
aralegirebuli boris speqtris Semadgeneli analogiuri
maqsimumebisagan.
deformaciuli bunebis relaqsaciuri maqsimumebis intensivobas
axasiaTebs rxevis amplitudisagan Zlieri damokidebuleba. es
procesi Zlierdeba 770-1270K temperaturebze cikluri
maRalamplituduri (~5·10-5) deformaciis Semdeg, amis Semdgomi
mowva 1270K temparaturaze 5sT-is ganmavlobaSi iwvevs
maqsimumebis intensivobis mkveTrad amaRlebasa da kritikuli
amplituduri deformaciis gadidebas ~15%-iT. aRniSnuli
cvlilebebi gamowveulia dislokaciebis atmosferoebSi
minarevebis koncentraciis gazrdiTa da maTi difuziiT
dislokaciebis birTvebis mimarTulebiT.
cikluri deformaciisa da maRal temperaturaze (~1200K) mowvis
monacvleobiT SesaZlebelia maRaltemperaturuli  eqsponencia-
luri fonis daxrilobis regulireba, radganac aRniSnuli
cikluri zemoqmedebiT SesaZlebelia Sinagani xaxunis fonis
gamomwvevi defeqtebis moZraobis energiis Semcireba – amaRleba.
aRniSnuli xasiaTis zemoqmedeba iwvevs Sinagani xaxunis
eqsponencialuri fonis sawyisi temperaturisa da kritikuli
amplituduri deformaciis Sesabamis cvalebadobas (Semcireba-
amaRleba). yovelive aRniSnuli migvaniSnebs, rom maRaltemperatu-
ruli Sinagani xaxunis foni dislokaciuri warmoSobisaa. fonis
formirebaSi monawileoben dislokaciebis maxloblobaSi
kotrelis tipis atmosferoebsa da kristaluri mesris
moculobaSi arsebuli wertilovani defeqtebi. wertilovani
defeqtebisa da dislokaciebis urTierTqmedebis Zalebis marTviT
SesaZlebelia dislokaciebis moZraobis aqtivaciis energiis
sidideebis cvlilebebi farTo diapazonSi.
realur struqturebSi atomaTaSorisi kavSiris Zalebis
cvlilebebi mravali faqtoriTaa ganpirobebuli, rac naTlad
aisaxeba struqturulad-mgrZnobiare meqanikuri modulebis
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mniSvnelobebis cvlilebaTa kanonzomierebaSi. Mmeqanikuri
modulebis efeqturi sidideebis kavSiri struqturul
parametrebTan xSirad aramonotonuri da rTulia. modulis
efeqturi mniSvneloba warmoadgens masalis deformirebuli
mdgomareobis maxasiaTebels, romelic iZleva mdidar
informacias, damatebiTi, aradrekadi deformaciis Sesaxeb
meqanikuri modulis defeqtis formiT.
aRniSnulTan dakavSirebiT, mniSvnelovania is garemoeba, rom
boris rTul β-romboedrul struqturaSi malegirebeli
kobaltis atomebis ganTavseba gansazRvruli tipis
sicarieleebSi iwvevs kobaltis atomebTan lokalizebul areebSi
kristalis mesrisa da eleqtronuli kavSirebis sivrculi
konfiguraciebis deformacias. aseTi xasiaTis cvlilebebi
srulad aris warmodgenili kobaltiT legirebuli β-boris
Zvris dinamiuri modulis temperaturul speqtrSi, romelic
gamokvleulia grexiTi rxevebis sixSiris 0,5-5,0hc diapazonSi
mcire amplituduri deformaciis (~5.10-5) pirobebSi.
nax. 18. kobaltiT legirebuli β-boris Zvris modulis temperaturuli
damokidebuleba 300-1000K intervalSi
1- B+0,5at%Co, f0=1,0hc;  2- B+1,2at%Co, f0=1,3hc;
3- B+2,0at%Co,  f0=1,2hc.
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kobaltiT legirebuli β-boris zogierTi Senadnobis Zvris
modulis temperaturuli damokidebuleba 300-1000K intervalSi
warmodgenilia naxazze 18. rogorc mosalodneli iyo Sinagani
xaxunis maqsimumebis temperaturebis maxloblobaSi Zvris
moduli ganicdis vardnas, e.i. fiqsirdeba modulis defeqti
ΔG/G0, sadac ΔG-modulis cvlilebaa, G0-modulis sidide 300K
temperaturaze. modulis defeqti proporciulia relaqsaciuri
da histerezisuli tipis maqsimumebis intensivobis.
aRniSnul procesebTan erTad Zvris modulis cvlilebebi
gansazRvrulia agreTve temperaturis gavleniT. kerZod,
temperaturul intervalSi (300-1000K) Zvris moduli wrfivad
mcire sididiT iklebs.
aralegirebuli β-borisagan gansxvavebiT kobaltiT legirebuli
β-boris SenadnobebSi fiqsirebulia 570-650K intervalSi Zvris
modulis anomaluri zrda. es mianiSnebs maszed, rom kobaltiT
legireba mniSvnelovnad aferxebs dislokaciebis atmosferoebSi
difuziisa da dinamiuri ganmtkicebis procesebs dislokaciuri
segmentebisa da monakveTebis blokirebis meqanizmiT. kobaltiT
legirebuli β-bori xasiaTdeba sagrZnoblad gazrdili (~15%)
meqanikuri moduliT, rac umTavresad gamowveulia Zlierad
blokirebuli dislokaciuri struqturis formirebiT B-Co
sistemis Senadnobebis kristalizaciis procesSi. Ee.i. SesaZle-
belia davuSvaT, rom kobaltiT legireba ganapirobebs B-Co
sistemis Senadnobebis ganmtkicebuli struqturis formirebasa
da modulis maRal mniSvnelobebs.
cikluri deformacia 450-1000K intervalSi (ε~5.10-3, ciklebis
raodenoba_ 300) zrdis advilad Zvradi defeqtebisa da bmebisagan
ganTavisuflebul dislokaciebze segmentebisa da Runvebis
koncentracias, Sesabamisad maRal temperaturebze izrdeba Zvris
modulis wrfivad Semcirebis siCqare. Ddeformirebuli nimuSebis
mowviT vakuumSi 1270K temperaturaze 10sT-is ganmavlobaSi kvlav
aRdgeba Zvris modulis umniSvnelo susti wrfivi Semcireba.
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2.3.3. nikeliT legirebuli β-romboedruli boris
kristalebis Sinagani xaxunisa da Zvris dinamiuri
modulis temperaturuli damokidebuleba
nikelis atomebis Canergva β-boris kristalur meserSi iwvevs
fizikur-meqanikuri Tvisebebis mTeli rigi Taviseburebebis
stimulirebas, kerZod Sinagani xaxunisa da Zvris modulis
specifikur cvlilebebs. Seswavlilia 0.8, 1.5 da 3.0 at% Ni-iT
legirebuli β-boris Sinagani xaxunisa da Zvris modulis
temperaturuli speqtri. dabal temperaturebze B+0,8at%Ni
Senadnobis Sinagani xaxunis speqtrSi 140 da 240K temperaturebis
maxloblobaSi gamovlenilia ori maqsimumi (nax. 19.1).
Nnax. 19. nikeliT legirebuli β-boris Sinagani xaxunis
temperaturuli damokidebuleba
1- B+0,8at%Ni; 2- B+1,5at%Ni; 3- B+3,0at%Ni.
80-300K temperaturul intervalSi Sinagani xaxunis foni praqti-
kulad ar icvleba da misi intensivoba ar aris damokidebuli
sacdeli nimuSis gaxureba-gacivebis siCqareze. grexiTi rxevebis
sixSiris amaRleba 5hc-mde iwvevs orive maqsimumis wanacvlebas
maRali temperaturebis mimarTulebiT da maTi naxevarganis
umniSvnelod Semcirebas. rxevis maRal sixSireze 200-250K
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temperaturul intervalSi Sinagani xaxunis foni mcirdeba ~15%.
140 da 240K temperaturebze fiqsirebuli relaqsaciuri proce-
sebi xasiaTdeba aqtivaciis energiis mniSvnelobebiT 0.14 da 0.45ev.,
sixSiris faqtoris Sesabamisi sidideebia 1·107 da 8·105 wm-1.
sacdeli kristalebis relaqsaciuri procesebis aqtivaciuri
maxasiaTeblebi warmodgenilia cxrilSi 8.
nikeliT legirebuli β-boris Senadnobebis Sinagani
xaxunis maqsimumebis aqtivaciuri maxasiaTeblebi
cxrili 8.
β-boris
sacdeli
nimuSebi
Sinagani
xaxunis
maqsimumebis
temperatura,
K
Mmaqsimumebis
buneba
Aaqtivaciis
energia,
ev
sixSiris
faqtori,
wm-1
B+0,8at.%Ni
140 relaqsaciuri 0.14 1·107
240 relaqsaciuri 0.45 8·105
470 relaqsaciuri 1.00 6·1011
520 relaqsaciuri 1.34 1·1012
570 ararelaqsaciuri - -
680 relaqsaciuri 1.95 2·1014
B+1,5at.%Ni
130 relaqsaciuri 0.12 3·108
230 relaqsaciuri 0.40 5·1010
460 relaqsaciuri 0.85 2·1011
520 relaqsaciuri 1.30 3·1012
570 ararelaqsaciuri - -
670 relaqsaciuri 1.80 1·1014
B+3,0at.%Ni
120 relaqsaciuri 0.10 1·106
220 relaqsaciuri 0.40 2·1010
450 relaqsaciuri 0.80 5·1011
530 relaqsaciuri 1.30 2·1012
570 ararelaqsaciuri - -
660 relaqsaciuri 1.80 8·1013
Sinagani xaxunis maqsimumis intensivoba 140K temperaturaze
rxeviTi deformaciis amplitudis 5·10-4-mde gazrdisas 15-20%-iT
izrdeba, xolo 5·10-6 rxeviT amplitudaze intensivoba kvlav
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mcirdeba sawyis mniSvnelobamde. mowva 10-3pa vakuumSi ~1000K
temperaturaze 3sT-is ganmavlobaSi mTlianad axSobs maqsimums
240K temperaturis maxloblobaSi; oTaxis temperaturis areSi
~10%-iT mcirdeba Sinagani xaxunis foni; 140K temperaturaze
umniSvnelod mcirdeba relaqsaciuri maqsimumis naxevargani da
intensivoba;  1·10-4-mde izrdeba rxeviTi amplituduri deformacia,
romlis drosac 140K temperaturaze iwyeba Sinagani xaxunis
intensivobis zrda.
1.5at%Ni-iT legirebul boris kristalebSi dabal temperatu-
rebze yalibdeba struqturuli defeqtebi, romlebic Sinagani
xaxunisa da Zvris modulis temperaturul damokidebulebaze
SesamCnev gavlenas axdenen. pirvel rigSi es gavlena aisaxeba
Sinagani xaxunis fonis temperaturul damokidebulebaze.
Sinagani xaxunis temperaturul speqtrSi 1hc sixSireze SeimCneva
ori maqsimumi 130 da 230K temperaturebze (nax. 19.1). naklebi
Semcvelobis nikelis kristalis Sinagani xaxunis speqtrTan
SedarebiT pirveli maqsimumi 15K-iT aris wanacvlebuli dabali
temperaturebis mimarTulebiT, xolo meore maqsimumi mniSvne-
lovnad ganieria (nax. 19.2). es miuTiTebs 230K temperaturaze
rxeviTi energiis gabnevaSi monawile defeqtebis relaqsaciis
drois farTo speqtris arsebobaze.
rxevis sixSiris 5.5hc-mde gazrdiT maqsimumebi wanacvldeba
maRali temperaturebis mimarTulebiT, amasTan mcirdeba maTi
naxevargani. 130 da 230K temperaturebze fiqsirebuli relaqsaci-
uri maqsimumebi xasiaTdeba 0.12 da 0.40ev aqtivaciis energiisa da
sixSiris faqtoris 3·108 da 5·1010wm-1 mniSvnelobebiT.
maqsimumebis intensivoba damokidebulia rxevis amplitudaze.
mowva 1000K temperaturaze 1sT-is ganmavlobaSi mniSvnelovnad
amcirebs relaqsaciuri maqsimumebis intensivobas da amaRlebs
rxevis amplitudis kritikul mniSvnelobebs, romlis drosac
Sinagani xaxuni avlens damokidebulebas rxevis amplitudaze.
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eleqtronuli gamtarobis B+3.0at%Ni SenadnobSi fiqsirebulia
struqturuli defeqtebis aqtivaciuri maxasiaTeblebis
specifikuri cvlilebebi. ~0.8 hc rxevis sixSireze Sinagani
xaxunis temperaturul speqtrSi SeiniSneba Semdegi Tavisebure-
bebi. 120K temperaturis areSi fiqsirebulia maqsimumi, romlis
intensivoba daaxloebiT 50%-iT aRemateba aralegirebul β-borSi
Sinagani xaxunis analogiur maqsimums. maRali intensivobiT
xasiaTdeba aseve 220K-ze arsebuli maqsimumi (nax. 19.3). orive
maqsimumi SeTavsebulia SedarebiT amaRlebul intensivobis
fonTan, romelic 80-300K intervalSi SesamCnevad izrdeba.
fardobiTi rxeviTi deformaciis gazrdiT 1·10-6-dan 1·10-4-mde,
maRldeba orive maqsimumis intensivoba. Semdgom gazomvebSi
dabal amplitudaze (~5·10-5) fiqsirdeba orive maqsimumis
intensivobis Semcireba. e.i. aRniSnul intervalSi Sinagani
xaxunis amplituduri damokidebuleba Seqcevadia. temperaturaze
damokidebuli foni dakavSirebulia legirebis gavleniT boris
struqturaSi advilad moZravi wertilovani defeqtebis
warmoqmnasTan, kerZod vakansiebisa da maTi martivi kompleqsebis
formirebasTan. maTi difuzuri aqtivoba niSancvladi Zabvis
velSi ganapirobebs fonis temperaturul amaRlebas da orive
relaqsaciuri maqsimumis naxevarganis zrdas.
~5hc-mde amaRlebuli sixSiris pirobebSi maqsimumebi gadaadgil-
debian maRali temperaturebis mimarTulebiT, rasac Tan sdevs
maTi naxevarganis Semcireba aqedan gamomdinare SesaZlebelia
davaskvnaT, rom maRal sixSireze mkveTrad mcirdeba zogierTi
tipis defeqtis wvlili relaqsaciuri procesebis intensivobaSi.
relaqsaciuri maqsimumebi xasiaTdebian aqtivaciis energiis 0.10
da 0.40ev. da sixSiris faqtoris 1·106 da 2·1010wm-1 sidideebiT.
aralegirebul da nikeliT sustad legirebul borTan SedarebiT
pirveli relaqsaciuri maqsimumi xasiaTdeba aqtivaciis energiisa
da sixSiris faqtoris dabali mniSvnelobebiT. sixSiris
faqtoris Semcireba nawilobriv ganpirobebulia relaqsaciaSi
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monawile defeqtebis rxevis sakuTari sixSireebis SemcirebiT.
β-borSi nikelis koncentraciis 3,0at%-mde gazrdiT umniSvnelod
mcirdeba 220K-ze maqsimumis aqtivaciuri maxasiaTeblebi.
B+0.8at%Ni Senadnobis dinamiuri Zvris modulis temperaturuli
damokidebulebis grafikze 140K temperaturis maxloblad Zvris
moduli mcirdeba, Semdgom SeimCneva misi nawilobrivi aRdgena,
xolo 200K-dan is dabali siCqariT mcirdeba (nax. 20,1).
Nnax. 20. nikeliT legirebuli β-boris Zvris modulis
temperaturuli damokidebuleba.
1- B+0,8at%Ni;   2- B+1,5at%Ni;  3- B+3,0at%Ni.
mowva SesamCnevad amcirebs 140K kritikul temperaturaze
dinamiuri Zvris modulis defeqtis temperaturul intervals.
oTaxis temperaturaze cikluri deformacia (ciklebis raodenoba
500) maRal amplitudur deformaciaze (~5·10-4) SesamCnevad zrdis
140K temperaturaze Sinagani xaxunis intensivobas da Zvris
modulis defeqts. aseve izrdeba 80-300K temperaturis
intervalSi Sinagani xaxunis foni. Semdgomi mowva 1000K
temperaturaze 1sT-is ganmavlobaSi axSobs cikluri deforma-
ciiT gamowveul Sinagani xaxunis nazrds.
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B+1,5at%Ni Senadnobis Zvris dinamiuri modulis temperaturaze
damokidebulebis grafikze SeiniSneba Zvris modulis defeqtebi
(nax. 20.2). misi mniSvneloba maRalia ~130K temperaturis areSi
230K temperaturis zeviT Zvris moduli mdored izrdeba.
B+3,0at%Ni Senadnobis Zvris modulis temperaturuli damokide-
bulebis grafikze fiqsirebuli modulis defeqtis sidideebi
Sinagani xaxunis maqsimumebis intensivobis proporciulia, rac
damaxasiaTebelia wminda relaqsaciuri procesebisaTvis myar
sxeulebSi [120].
0,8at% koncentraciis nikeliT legireba maRal temperaturul
areSi iwvevs Sinagani xaxunis temperaturuli speqtris
mniSvnelovan cvlilebebs. kerZod ZiriTadi maqsimumi ixliCeba
or mdgenelad, romlebic 0.8hc rxeviTi sixSireze vlindeba 470
da 520K temperaturebis maxloblad, xolo 570K temperaturaze
nacvlad maqsimumisa SeiniSneba Runva. 680K temperaturaze
gamovlenilia asimetriuli formis ganieri maqsimumi (nax. 21.1).
nax. 21. nikeliT legirebuli β-boris Sinagani xaxunis
maRaltemperaturuli speqtri
1. B+0,8at%Ni;   2. B+1,5at%Ni; 3. B+3,0at%Ni.
300-380K da 750-900K temperaturul intervalebSi Sinagani xaxunis
foni praqtikulad ar aris damokidebuli temperaturaze. rac
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miuTiTebs maszed, rom boris struqturaze erTdroulad
Termuli da meqanikuri zemoqmedebiT ar xorcieldeba defeqtebis
difuziis gaaqtiureba. ganmeorebiTi gazomvebiT Sinagani xaxunis
temperaturuli speqtri praqtikulad ar icvleba. es adasturebs
defeqtebis  Termul stabilurobas. 520, 570 da 680K temperatu-
rebze arsebuli Sinagani xaxunis maqsimumebis intensivoba
Zlierad aris damokidebuli rxevis amplitudaze, xolo 470K
temperaturaze maqsimumi amJRavnebs sust amplitudur
damokidebulebas.
rxevis sixSiris 5hc-mde gazrda iwvevs 470, 520 da 680K temperatu-
rebze maqsimumebis wanacvlebas maRali temperaturebis
mimarTulebiT.  amasTan maTi intensivobisa da formis SesamCnevi
cvlileba ar SeiniSneba, rac miuTiTebs maT relaqsaciur
warmoSobaze. rxevis sixSiris gazrdiT 680K temperaturaze
Sinagani xaxuni SesamCnevad mcirdeba, xolo 570K temperaturis
areSi Sinagani xaxunis grafikze arsebuli Runvis temperatura
ucvlelia. Sinagani xaxunis grafikze 660-670K temperaturul
intervalSi fonidan gancalkevebulia axali Runva, romlis
temperatura agreTve ar aris damokidebuli rxevis sixSireze.
cxadia aRniSnuli Runvebi dakavSirebulia rxeviTi energiis
ararelaqsaciuri gabnevis procesebTan. 470, 520 da 680K
temperaturebze relaqsaciuri procesebis aqtivaciis energiis
mniSvnelobebia 1.00, 1.30 da 1.95ev,, xolo Sesabamisi sixSiris
faqtoris mniSvnelobebia 6·1011; 1·1012 da 2·1014 wm-1. sixSiris
faqtoris pirveli ori mniSvneloba gacilebiT naklebia
wertilovani defeqtebis difuziisaTvis damaxasiaTebel
mniSvnelobebTan   (1014-1015wm-1) SedarebiT.
mowva vakuumSi 1000K temperaturaze 10sT-is ganmavlobaSi ~20%-iT
amcirebs Sinagani xaxunis intensivobas 520-570K da 680K
temperaturebis maxloblobaSi. Sesabamisad mkveTrad izrdeba
kritikuli amplituda, romlis drosac Tavs iCens Sinagani
xaxunis amplituduri damokidebuleba. es efeqti adasturebs, rom
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mowvis gavleniT adgili aqvs wertilovani defeqtebiT
dislokaciuri warmoSobis struqturuli defeqtebis damagrebis
gaZlierebas.
oTaxis temperaturaze cikluri deformacia (ciklebis raodenoba
_500) rxeviTi deformaciis maRal amplitudaze (~5·10-4) aRadgens
470 da 520K temperaturebze maqsimumebis intensivobas sawyis
mniSvnelobamde. deformirebul nimuSSi 30%-iT izrdeba Sinagani
xaxunis foni oTaxis temperaturis areSi, 680K temperaturaze
asimetriuli formis maqsimumi ixliCeba or mdgenelad. ~5hc
sixSireze aRniSnuli mdgenelebi vlindeba 650 da 680K
temperaturebze. maqsimumebis forma sagrZnobladaa gadaxrli
debais maqsimumis formisagan. pirveli maqsimumis temperatura
damoukidebelia rxevis sixSireze, e.i. is ganpirobebulia
ararelaqsaciuri, histerezisuli tipis procesebiT. maqsimumis
histerezisul bunebas aseve adasturebs gaxureba-gacivebis
ciklSi intensivobis mniSvnelobebis gansxvaveba. histerezisi
ufro metad vlindeba temperaturis zrdis SedarebiT maRal
siCqareze (≥3K/wT).
B+1.5at%Ni Senadnobis Sinagani xaxunis temperaturul speqtrSi
aralegirebuli borisaTvis damaxasiaTebeli maRali maqsimumi
fiqsirebulia ~520K temperaturaze;  Sinagani xaxunis meore
maqsimumi gamovlenilia 460K temperaturaze; 670K temperaturis
areSi arsebuli Sinagani xaxunis maqsimumis intensivoba
SesamCnevad amaRlebulia; 570K-ze mniSvnelovnad Semcirebulia
histerezisuli maqsimumis intensivoba (nax. 21.2).
grexiTi rxevebis sixSiris 5hc-mde gazrdiT maqsimumebi 460, 520
da 670K temperaturebidan gadaadgildebian maRali
temperaturebis mimarTulebiT, xolo 570K temperaturaze
arsebuli maqsimumi sixSirisagan damoukidebulia, e.i. mas
axasiaTebs rxeviTi energiis gabnevis ararelaqsaciuri buneba.
ararelaqsaciuri Sinagani xaxunis intensivoba amJRavnebs Zlier
amplitudur damokidebulebas.
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relaqsaciuri maqsimumebi 460; 520 da 670K temperaturebze xasiaT-
debian aqtivaciis energiis 0.85; 1.30, 1.80ev. da sixSiris faqtoris
_ 2·1011; 3·1012 da 1·1014wm-1 mniSvnelobebiT. dadgenilia, rom nikelis
maRali procentuli Semcvelobis boris SenadnobebSi 460 da 520K
temperaturebze relaqsaciuri procesebis aqtivaciuri maxasi-
aTeblebi Semcirebulia.
B+3,0at%Ni nimuSis Sinagani xaxunis speqtrSi 450K temperaturaze
mniSvnelovnadaa gazrdili maqsimumis intensivoba, praqtikulad
CaxSobilia relaqsaciuri maqsimumi 530K temperaturaze.
sagrZnoblad aris amaRlebuli 660K temperaturaze maqsimumis
intensivoba. speqtris ganmeorebiTi gazomvisas aRniSnuli
maxasiaTeblebi ar icvleba, rac mowmobs maTi gamomwvevi
procesebis maRal Termul mdgradobaze aralegirebul borTan
SedarebiT. aRsaniSnavia, rom maRalamplitudur deformaciaze
(5·10-4) pirveli maqsimumis intensivoba praqtikulad ar icvleba,
xolo 660K temperaturaze maqsimumis intensivoba xasiaTdeba
rxevis amplitudisagan Zlieri damokidebulebiT (nax. 21.3).
5hc sixSireze maqsimumebi gadaadgildebian maRali temperatu-
rebis mimarTulebiT. amasTan erTad mTlianad inarCuneben
formasa da intensivobas. 660-670K temperaturebis areSi ZiriTadi
maqsimumidan gamoiyofa mdgeneli, romlis temperatura
damoukidebulia rxevis sixSirisagan e.i. ganpirobebulia
ararelaqsaciuri procesiT. aRniSnul temperaturebze relaqsa-
ciuri procesebi xasiaTdebian aqtivaciis energiis Semdegi
sidideebiT 0.80; 1.30 da 1.70ev., romlebsac Seesabamebian 5·1011; 2·1012
da 8·1013 wm-1 sididis sixSiris faqtoris mniSvnelobebi. mowva
1000K temperaturaze vakuumSi 5sT-is ganmavlobaSi praqtikulad
gavlenas ar axdens maqsimumebis intensivobaze.
Sinagani xaxunis maqsimumebis temperaturebze Zvris modulis
mniSvnelobebi mcirdeba (nax. 22). 700K temperaturis zeviT SeimC-
neva Zvris modulis amaRleba. realur struqturaSi tempera-
turis zrdis pirobebSi meqanikuri modulebis dinamiuri
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sidideebis amaRleba ganpirobebulia meqanikuri ganmtkicebis
procesebiT. Tavis mxriv es ukanaskneli dakavSirebulia fazur
gardaqmnebTan, mowesrigeba-ganwesrigebis procesebTan da
minarevebisa da maTi kompleqsebis mier dislokaciebis
blokirebasTan [121].
nax. 22. nikeliT legirebuli β-boris Zvris modulis
temperaturuli damokidebuleba
1. B+0,8at%Ni;  2. B+1,5at%Ni;  3. B+3,0at%Ni.
Sinagani xaxunis yvelaze intensiuri relaqsaciuri maqsimumis
areSi (~520K) Zvris modulis defeqti SedarebiT mcirea. fizikur-
meqanikuri Tvisebebis aseTi qceva aixsneba struqturuli
defeqtebis dinamiuri damuxruWebiT. defeqtebis moZraoba
niSancvladi Zabvis velSi ganapirobebs Sinagani xaxunis maRal
intensivobas, xolo maT dinamiur damuxruWebas SeuZlia
kristalis lokaluri dinamiuri ganmtkiceba, rac mocemul
SemTxvevaSi aisaxa Zvris modulis defeqtis SemcirebiT.
mowva (~1000K) amcirebs kritikul temperaturebze Zvris modulis
defeqts. rac miuTiTebs relaqsaciuri da histerezisuli
Sinagani xaxunis procesebSi monawile struqturuli defeqtebis
blokirebasa da, Sesabamisad, maTi Zvradobis Semcirebaze.
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300-470K temperaturul intervalSi dinamiuri Zvris moduli
mdored mcirdeba da 470K temperaturaze aRwevs minimalur
mniSvnelobas. aRniSnuli temperaturis zeviT 600-650K temperatu-
rebamde Zvris moduli TandaTanobiT izrdeba. misi Semdgomi
Semcireba SeiniSneba 670-700K temperaturul areSi (nax. 22.2).
mowva vakuumSi 1000K temperaturaze 3sT.-is ganmavlobaSi
amcirebs struqturuli defeqtebis koncentracias. aseT
pirobebSi 750-900K temperaturul SualedSi ar vlindeba Zvris
modulis defeqti, xolo Sinagani xaxunis foni sagrZnoblad
mcirdeba.
B+3,0at%Ni SenadnobSi Sinagani xaxunis samive maqsimumis areSi
Zvris moduli ganicdis vardnas. pirveli maqsimumis maxloblad
Zvris modulis defeqti SedarebiT didia (~0.3). 660-700K tempera-
turul intervalSi erTdroulad vlindeba Zvris modulis
defeqtisa da TviT modulis temperaturuli Semcireba.
2.3.4. B-Co sistemis Senadnobebis Sinagani xaxunisa da
Zvris modulis amplituduri damokidebuleba
myar sxeulebSi  Sinagani xaxunisa da dinamiuri meqanikuri
modulebis amplituduri damokidebuleba ganixileba dislokaci-
ebis wertilovan defeqtebTan urTierTqmedebasTan dakavSirebiT,
rac iwvevs dislokaciis moZraobis damuxruWebas Zabvis velSi.
dislokaciebis Zlier damuxruWebas axorcieleben kvanZebi,
romlebSiac damagrebulia segmentebi. Ddislokaciuri segmentis
mowyveta minarevis atomisagan xorcieldeba gansazRvruli sidi-
dis rxevis amplitudaze. Mmeore kritikuli amplituda Seesaba-
meba dislokaciuri maryuJis mowyvetas kvanZidan. maSasadame
Sinagani xaxunis amplituduri damokidebulebis gazomviT
gansazRvruli maxasiaTeblebi pirdapir kavSirSia dislokaciuri
struqturis parametrebTan (dislokaciis bmis energia
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wertilovan defeqtebTan da kvanZebTan, dislokaciuri segmentis
sigrZe, dislokaciebis simkvrive).
Seswavlilia kobaltiT legirebuli β-boris kristalebis
Sinagani xaxunisa da Zvris dinamiuri modulis amplituduri
damokidebuleba fiqsirebul temperaturebze da Sefasebulia
dislokaciuri struqturis parametrebi.
grexiTi rxevebis 1hc. sixSireze vakuumSi amplituduri defor-
maciis 5.10-5 – 5.10-3 diapazonSi 80K temperaturaze B+0,5at%Co
Senadnobis Sinagani xaxunis amplituduri damokidebulebis
(Q-1(ε)) grafikze vlindeba kritikuli ubani, romlidanac iwyeba
SesamCnevi amplituduri damokidebuleba (nax. 23.1).
nax. 23. B+0,5at%Co Senadnobis Sinagani xaxunis amplituduri
damokidebuleba fiqsirebul temperaturebze
1- 80K; 2- 200K; 3- 300K; 4-350K; 5- 400K; 6- 430K; 7-520K.
80-300K intervalSi Q-1(ε) warmoadgens dabali intensivobis fons,
romelic kritikul amplitudaze gadadis sustad mzard wrfiv
funqcionalur damokidebulebaSi. amplitudis ε< 5.10-3 diapazonSi
Q-1(ε) funqcia Seqcevadia.
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kritikuli amplituduri deformaciis sidide daaxloebiT 1-1,5-
rigiT maRalia Si da Ge monokristalebis Q-1(ε)-is speqtrSi
registrirebul pirvel kritikul amplitudasTan SedarebiT.
aRniSnuli masalebisagan gansxvavebiT β-bori xasiaTdeba dnobis
maRali temperaturiT, atomTaSorisi kavSiris Zalebisa da
meqanikuri modulebis didi mniSvnelobebiTa da maRali
simtkiciT. yovelive zemoTqmuli ganapirobebs dislokaciebis
dabal Zvradobas da Sesabamisad, dislokacia-damagrebis centris
urTierTqmedebis sagrZnoblad maRal energias. Ees asaxulia
B+0,5at%Co Senadnobis Q-1(ε) grafikze amaRlebuli sididis
kritikuli amplituduri deformaciiT.
mowva vakuumSi 1270K-ze 10sT-is ganmavlobaSi praqtikulad
gavlenas ar axdens 80, 200 da 300K temperaturebze kritikuli
amplituduri deformaciis mniSvnelobebze. ASemdgomi cikluri
deformacia T≤300K temperaturebze aseve ar cvlis maT sidideebs.
es miuTiTebs, rom aRniSnuli Termuli zemoqmedebiT ar
xorcieldeba  dislokaciebis atmosferoebSi konfiguraciuli
da koncentraciuli cvlilebebi. cxadia, rom ganxorcielebuli
maRalamplituduri cikluri deformacia (~5·10-3) 300K temperatu-
ramde sakmarisi ar aris β-boris dislokaciur struqturaSi
cvlilebebisaTvis.
SedarebiT maRal temperaturebze (350-400K) pirvel kritikul
amplitudur deformaciaze iwyeba Q-1(ε) wrfivi damokidebulebis
daxrilobis mkveTrad gazrda, rac miuTiTebs maRal
amplitudebze rxeviTi energiis fonuri gabnevis intensivobis
mniSvnelovnad amaRlebaze. 430-450K intervalSi adgili aqvs
fonuri gabnevisa da relaqsaciuri Sinagani xaxunis maqsimumis
intensivobis Sekrebas. swored amis gamo Q-1(ε) damokidebulebaze
5.10-5-5.10-3 deformaciis diapazonSi fiqsirdeba maRali
intensivobis Sinagani xaxunis ori ubani- sustad da mkveTrad
mzardi wrfivi Q-1(ε) damokidebulebebi, romlebic erTmaneTisgan
gamijnulia pirveli kritikuli amplituduri deformaciiT.
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maRal amplitudebze (ε<5.10-3) vlindeba meore kritikuli amplitu-
duri deformacia,  romelzedac iwyeba Sinagani xaxunis intensi-
vobis arawrfivi mkveTri zrda. Q-1(ε) damokidebulebis ukusvlis
Sto ganTavsebulia aRmasvlis zemoT, rac mianiSnebs Seuqcevadi
gadataniTi procesebis ganviTarebaze meqanikuri Zabvisa da
temperaturis erTdrouli zemoqmedebis pirobebSi. B+0,5at%Co
SenadnobebisaTvis ε2kr.≥3.10-3 deformaciis pirobebSi Q-1(ε)-is
ukusvlis grafikze SeiniSneba histerezisis Ria maryuJi. es
adasturebs mikroplastikuri deformaciis ganviTarebas da
struqturaSi arsebuli gansazRvruli tipis dislokaciebis
Seuqcevad  gadaadgilebas sakmarisad did manZilze (~50-100A),
romlis Semdeg sawyisi mdgomareobis srulad aRdgena
praqtikulad ar xorcieldeba.
Q-1(ε) damokidebulebis gazomvis meore ciklis Sedegebi ar
emTxveva pirvel ciklSi miRebul Sedegebs, rac gamovlenilia
deformaciis farTo diapazonSi _ Sinagani xaxunis fonis ∼15%-iT
amaRlebaSi, orive kritikuli amplitudis sagrZnoblad
Semcirebasa da maRal amplitudebze Sinagani xaxunis
intensivobis Zlierad gazrdaSi. es garemoeba ganpirobebulia
mikroplastikuri deformaciiT.
zemoT aRwerili mdgomareoba SenarCunebulia Q-1(ε) damokidebu-
lebis 520-550K temperaturebze gazomvis dros. am SemTxvevaSi
kidev ufro mkveTrad aris gamokveTili histerezisuli da
mikroplastikuri procesebi, rac asaxulia orive kritikuli
amplituduri deformaciis mniSvnelobebis SemcirebiTa da
farTod gaxsnili histerezisuli maryuJis formiT. aRsaniSnavia,
rom cikluri deformacia pirvel kritikul amplitudur
deformaciaze umniSvnelod zrdis fonuri Sinagani xaxunis
intensivobas mTel diapazonSi (5.10-5-5.10-3) da gavlenas ar axdens
kritikuli amplituduri deformaciebis sidideebze.
cikluri deformacia ε > ε2kr diapazonSi mkveTrad zrdis dabal
amplitudebze Sinagani xaxunis intensivobas, sagrZnoblad
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amcirebs pirveli kritikuli amplituduri deformaciis
mniSvnelobas, magram zemoqmedebas ar axdens kritikuli
amplitudis meore mniSvnelobaze. es aixsneba im garemoebiT, rom
maRalamplituduri cikluri deformacia (ciklebis raodenoba_
200-300) amravlebs kvanZebidan mowyvetili dislokaciuri
segmentebis raodenobas, aseve mkveTrad zrdis maT sigrZes, magram
ar cvlis meqanikuri Zabvis velSi maTi moZraobis meqanizms.
maSasadame, kvanZebis bmebisagan ganTavisuflebul dislokaciebs
praqtikulad moZraobis procesSi ar uxdebaT axali tipis
potencialuri barierebis gadalaxva. axali tipis gansxvavebuli
energetikuli maxasiaTeblebis barierebi SesaZlebelia warmoiqm-
nan β-boris struqturaSi kobaltis koncentraciis gazrdiT.
marTlac, B+1,2at%Co Senadnobis Sinagani xaxunis amplituduri
damokidebuleba sxvadasxva fiqsirebul temperaturebze sagrZnob-
lad gansxvavebulia B+0,5at%Co Senadnobis analogiuri maxasiaT-
eblebisagan. pirvel rigSi es cvlilebebi exeba amplituduri
deformaciis kritikul sidideebs. mcirdeba pirveli kritikuli
amplitudis sidide. maRalia Sinagani xaxunis intensivobis zrdis
siCqare ε1kr.≤ ε≤ ε2kr diapazonSi. gazrdilia meore kritikuli
amplitudis sidide. ufro mkveTrad aris warmoCenili Q-1(ε)-is
arawrfivi zrda deformaciis ε>ε2kr diapazonSi. gacilebiT far-
Toa Ria maryuJi Sinagani xaxunis grafikze. yovelive zemoT
Tqmuli safuZvels iZleva dauSvaT, rom kobaltis SedarebiT
maRali koncentraciis SemTxvevaSi β-borSi mcirdeba energetiku-
li barieri gansazRvruli tipis defeqtebisadmi (vakansia,
minarevebis atomebi, Runvebi dislokaciebze) da amasTan erTad,
Zlierdeba dislokaciebis bmebi maTi gadakveTiT formirebul
kvanZebSi.
maRal temperaturebze (900-1300K) mowva vakuumSi 5-10sT-is
ganmavlobaSi ar cvlis Q-1(ε) funqcias. Ddabali amplitudebis
areSi  mcirdeba Sinagani xaxunis fonis intensivoba da pirveli
kritikuli amplituduri deformaciis mniSvnelobebi. meore
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kritikuli amplituduri deformaciis mniSvnelobebi avlenen
metad sustad amaRlebis tendencias, rac aixsneba umniSvnelo
lokaluri xasiaTis cvlilebebiT kotrelis tipis atmosfero-
ebSi dislokaciebis birTvebis maxloblobaSi. sayuradReboa isic,
rom 450-900K intervalSi momwvari nimuSis cikluri,
maRalamplituduri deformaciiT (ε≥1.10-3, n=300) SesaZlebelia
pirveli kritikuli deformaciis SesamCnevad Semcireba (15%), rac
aixsneba miTiTebul temperaturul intervalSi meqanikuri Zabvis
zemoqmedebiT dislokaciebze arsebuli segmentebis mowyvetiTB
damagrebis susti centrebidan.
B-Co sistemis sacdel kristalebSi rxeviTi amplituduri defor-
maciis farTo intervalSi (5.10-5-5.10-3) Zvris dinamiuri modulis
cvlilebis specifikurobas mniSvnelovnad gansazRvravs sacdeli
nimuSis temperatura. dabal temperaturebze (~300K) Zvris moduli
praqtikulad damoukidebelia rxevis amplitudisagan (nax. 24.1).
nax. 24. B+0,5at%Co Senadnobis Zvris modulis amplituduri
damokidebuleba fiqsirebul temperaturebze
1- 300K; 2- 400K;  3- 430K;  4-520K.
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maRali amplitudebis intervalSi SeiniSneba modulis metad
susti wrfivi Semcireba, rac iwyeba Q-1(ε) damokidebulebis pirvel
kritikul amplitudaze. es garemoeba metad mniSvnelovania,
radganac is iZleva saSualebas gaigivebuli iqnas sacdeli
kristalis Sinagani xaxunisa da Zvris modulis pirveli
kritikuli amplituduri deformaciis sidideebi.
T>450K intervalSi mosalodnelia Sinagani xaxunisa da  Zvris
modulis anomaluri cvlilebebis erTdroulad mkveTrad
gamovlineba. marTlac aRniSnul temperaturebze Zvris modulis
amplituduri damokidebuleba xasiaTdeba ori kritikuli
amplituduri deformaciiT, romlebzedac iwyeba Zvris modulis
da, Sesabamisad, atomTaSorisi kavSiris Zalebis Semcireba
gansxvavebuli meqanizmiT. kritikul wertilebSi Zvris modulis
cvlileba xdeba ara mdored,  aramed lokalurad da mkveTrad.
es iZleva maRali sizustiT kritikuli amplituduri
deformaciis sidideebis gansazRvris efeqtur saSualebas.
kobaltis koncentraciis gazrdiT mcirdeba pirveli kritikuli
amplituduri deformacia. SesamCnevad (15-20%) izrdeba meore
kritikuli amplituduri deformaciisa da G/G0(ε) damokidebule-
bis cvlilebis siCqare, izrdeba G/G0(ε)-is histerezisuli maryu-
Jis farTobi. deformaciis ε>ε2kr diapazonSi histerezis maryuJi
gaxsnilia, rac gamowveulia boris struqturaSi mikroplas-
tikuri deformaciis dawyebiT.
pirveli kritikuli amplituduri deformaciis maxloblobaSi
dislokaciis rxeviTi moZraoba minarevebis kotrelis tipis
atmosferoSi SesaZlebelia aRiweros granato-lukes modelSi. is
iTvaliswinebs dislokaciuri xazis, rogorc daWimuli simis
mowyvetas susti centrebidan. procesi Seqcevadia da dabal
amplitudebze dislokaciuri xazebi Tavdapirvel sustad bmul
mdgomareobas kvlav ubrundebian [121].
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cxrilSi 9 warmodgenilia 80-520K intervalSi sxvadasxva fiqsi-
rebul temperaturaze B+0,5at%Co Senadnobis kritikuli
amplituduri deformaciisa da dinamiuri meqanikuri maxasiaTeb-
lebis sidideebi.
B+0,5at%Co Senadnobis fizikur-meqanikuri maxasiaTeblebi
fiqsirebul temperaturebze
cxrili 9.
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80 18600 2·10-3 _ 39.2 _
200 18500 9.5·10-4 _ 17.6 _
300 18350 8·10-4 _ 14.7 _
350 18280 6·10-4 _ 10.9 _
400 17800 4·10-4 3·10-3 7.12 53.4
430 17000 1·10-4 9·10-4 1.7 15.3
520 14500 8·10-5 7.5·10-4 1.16 10.87
cxrilidan irkveva, rom 400K temperaturamde Q-1(ε) funqciona-
lur damokidebulebas axasiaTebs erTaderTi kritikuli
wertili, romelzedac icvleba rxeviTi energiis gabnevis
meqanizmi. T>400K intervalSi vlindeba meore kritikuli
wertili, saidanac iwyeba mikroplastikuri deformacia
Senadnobis struqturis lokalur ubnebSi. dislokacia-
wertilovani defeqtis urTierTqmedebis energia SesaZlebelia
Sefasdes amplituduri deformaciis temperaturaze eqsponenci-
aluri damokidebulebidan.
koordinatTa sistemaSi ln(ε1kr·T)-1/T agebuli wrfeebis daxrilobis
sididiT miRebulia sacdeli nimuSebisaTvis bmis energiis
Semdegi sidideebi: B+0,5at%Co SenadnobisaTvis Δu=0.35ev;
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B+1,2at%Co –saTvis Δu=0.30ev; xolo B+2,0at%Co –SenadnobisTvis
Δu=0.22ev. mowva 1270K-ze vakuumSi 10sT.-is ganmavlobaSi avlens
dislokaciis sustad bmis energiis mniSvnelobebis gazrdis
tendencias (B+0,5at%Co _Δu=0.38ev; B+1,2at%Co –Δu=0.32ev da
B+2,0at%Co –Δu=0.25ev.). aRniSnul pirobebSi Termulad
damuSavebuli nimuSebis cikluri grexiTi deformacia 570K
temperatureze ~15%-iT amcirebs dislokaciis sustad bmis
energiis sidideebs sawyis mdgomareobasTan SedarebiT.
maRaltemperaturul Znelad dnobad metalebsa da SenadnobebSi
deformaciis gavlena dislokaciis bmis energiaze, B-Co
SenadnobebTan SedarebiT, vlindeba gacilebiT maRal
temperaturebze. es mianiSnebs, rom β-boris struqturaSi
dislokaciebis bmis energiis cvalebadoba ganpirobebulia
dislokaciebis moZraobis aqtivaciis energiis dabali
sidideebiT, rac damaxasiaTebelia oreulis sazRvrebsa da
wyobis defeqtebTan koleqtivizebuli dislokaciebisaTvis.
2.3.5. B-Ni sistemis Senadnobebis Sinagani xaxunisa da
Zvris modulis amplituduri damokidebuleba
myar sxeulebSi struqturulad-mgrZnobiare fizikur-meqanikuri
Tvisebebis maxasiaTeblebis amplituduri damokidebuleba ZiriTa-
dad ganpirobebulia struqturaSi arsebuli dislokaciebiT.
naxevargamtarul masalebSi metalebisagan gansxvavebiT
dislokaciebis Zvradobis marTva xorcieldeba meqanikuri da
eleqtronuli warmoSobis Zalebis erToblivi zemoqmedebiT.
swored amis gamo dislokaciebis moZraobis aqtivaciisaTvis
naxevargamtarebSi metalebTan SedarebiT 1,5-jer meti sididis
energia aris aucilebeli. Sesabamisad dislokaciebis
moZraobasTan dakavSirebuli rxeviTi energiis gabnevis
relaqsaciuri da histerezisuli tipis procesebi
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naxevargamtarul masalebSi upiratesad vlindeba oTaxis
temperaturis zeda intervalSi.
warmodgenilia β-boris aralegirebuli da nikeliT legirebuli
kristalebis Sinagani xaxunisa da Zvris modulis amplituduri
damokidebulebis Seswavlis Sedegebi. aralegirebuli β-boris
masiuri polikristaluri nimuSis Sinagani xaxunis amplituduri
damokidebuleba Q-1(ε) oTaxis temperaturaze amplituduri
deformaciis farTo diapazonSi xasiaTdeba susti wrfivi
amaRlebiT, romelic ∼8.10-4 amplitudaze gadadis aseve wrfiv,
magram mkveTrad mzard damokidebulebaSi. Q-1(ε) funqciis wrfivi
zrda grZeldeba nimuSis damsxvrevamde, rac xorcieldeba
amplituduri deformaciis ∼1.10-3-is  maxloblobaSi. amplituduri
deformaciis diapazonSi ε≤1.10-3 damokidebuleba Q-1(ε) Seqcevadia,
radganac amplitudis zrdisa da Semcirebis pirobebSi gazomvis
Sedegebi erTmaneTs emTxveva. vakuumSi  1270K temperaturaze mowva
10sT-is ganmavlobaSi umniSvnelod (∼10%) amaRlebs kritikul
amplitudur deformacias. romelzedac mkveTrad amaRlebulia
Sinagani xaxunis wrfivad zrdis siCqare.
Q-1(ε) damokidebuleba praqtikulad formas ar icvlis 500K
temperaturamde. amaRlebul temperaturebze ZiriTadad
cvlilebas ganicdis mxolod kritikuli amplituduri
deformaciis mniSvneloba, is mcirdeba Semdegi funqcionaluri
damokidebulebiT:
ε=KTC1/2 · еxp · 

 ∆
KT
U
sadac T-gazomvis temperaturaa; C-wertilovani defeqtebis
koncentracia; K -bolcmanis mudmiva; εkr. -kritikuli amplituduri
deformacia; xolo ∆Uef-dislokaciis damagrebis centrebTan
urTierqmedebis energia [121].
Q-1(ε) damokidebulebaze εkr-is maRali sizustiT dafiqsireba
SeuZlebelia, radganac Q-1(ε) grafikze deformaciis kritikuli
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intervali mkveTrad gamoyofili sazRvriT ar xasiaTdeba. Zvris
modulis G(ε) grafikze yovelTvis fiqsirdeba sakmarisi sizustiT
kritikuli deformaciis mniSvneloba, rac ganapirobebs ∆Uef-is
gamoangariSebis maRal sizustes.
analogiuri wrfivi Q-1(ε) damokidebuleba damaxasiaTebelia
nikeliT legirebuli β-boris kristalebisaTvis. aseT
SemTxvevebSi nikelis koncentraciis gazrdiT oTaxis
temperaturaze mcirdeba kritikuli amplituduri deformaciis
mniSvneloba. maRal temperaturebze  adgili aqvs kritikuli
amplituduri deformaciis damatebiT Semcirebas. aralegirebuli
da nikeliT legirebuli β-boris Zvris modulis amplituduri
damokidebuleba farTo diapazonSi xasiaTdeba sustad
gamosaxuli wrfivi SemcirebiT, romelic kritikul amplitudur
deformaciebze iwyebs mkveTrad wrfiv Semcirebas. aRniSnul
zRvrul mdgomareobamde G/G0 funqcia Seqcevadia (nax. 25).
N
nax. 25. B-Ni Senadnobebis Zvris modulis amplituduri
damokidebuleba
1. B; 2. B+0,8at.%Ni; 3. B+1,5at.%Ni 4. B+3,0at.%Ni
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miRebuli Sedegebis safuZvelze agebulia bmis energiisa da abso-
luturi temperaturis funqcionaluri damokidebulebis grafiki
lnε/kTC1/2 _ 1/T koordinatTa sistemaSi (nax.26).
nax. 26. B-Ni SenadnobebSi kritikuli amplituduri deformaciis
temperaturuli damokidebuleba.
1-BB;   2- B+0,8at.%Ni ;    3- B+1,5at.%Ni ;   4- B+3,0at.%Ni
wrfeTa daxrilobis saSualebiT gamoangariSebulia ∆Uef-is
sidideebi, romlebic moyvanilia cxrilSi 10.
B-Ni SenadnobebSi dislokaciis bmis energiis maxasiaTeblebi
cxrili 10.
sacdeli
nimuSebi
Ggamta-
robis
tipi
denis mata-
reblebis
koncent-
racia,
sm-3
kritikuli
deforma-
ciis mniSv-
nelobebi
∆Uef,
ev
SeniSvna
B p 5.1016 8.10-4 0,3 eleqtruli
maxasiaTeble-
bi gansazRvr-
ulia oTaxis
temperturaze
B+0,8at.%Ni p 4.1017 6.10-4 0,25
B+1,5at.%Ni p 3.1018 3.10-4 0,20
B+3,0at.%Ni n 1.1019 1.10-4 0,15
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cxrilidan Cans, rom urTierTqmedebis energiis efeqturi sidide
sagrZnoblad mcirdeba n-tipis SenadnobSi.
β-boris kristalebi dabal temperaturebze (T≤300K) amplituduri
deformaciis farTo doapazonSi mikroplastikurobiT ar
xasiaTdebian. Sesabamisad, Sinagani xaxunis amplitudur
damokidebulebaze grafikis aRmasvlisa da Semcirebis Stoebi
praqtikulad emTxveva erTmaneTs. legirebul kristalebSi
mcirdeba amplituduri deformaciis kritikuli sidide
malegirebeli nikelis koncentraciis proporciulad.
470K temperaturidan sadac B-Ni SenadnobebSi vlindeba Sinagani
xaxunis metad rTuli amplituduri damokidebuleba, aralegire-
buli β-boris Q-1(ε) speqtri xasiaTdeba erTmaneTisagan mkafiod
gansxvavebuli sami diapazoniT (nax. 27.).
nax. 27. B-Ni Senadnobebis Sinagani xaxunis amplituduri
damokidebuleba
1. B; 2. B+0,8at.%Ni; 3. B+1,5at.%Ni 4. B+3,0at.%Ni
pirvel diapazonSi Sinagani xaxunis intensivoba sustad
maRldeba rxevis amplitudis proporciulad pirvel kritikul
amplitudur deformaciamde. rxeviTi deformaciis amplitudis
pirvel kritikul mniSvnelobamde Q-1(ε) damokidebuleba
Seqcevadia. amplituduri deformaciis  meore diapazonSi
εkr.1 ≤ε≤εkr.2 Sinagani xaxunis intensivoba wrfivad mniSvnelovnad
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izrdeba. aseT pirobebSi Q-1(ε) grafikis ukusvlis Sto
ganTavsdeba grafikis aRmasvlis Stos zeviT. maSasadame,
deformaciis εkr.1≤ε≤εkr.2 diapazonSi adgili aqvs Sinagani xaxunis
intensivobis histerezisuli tipis cvlilebas. amplituduri
deformaciis dabal mniSvnelobebze histerezisis maryuJi
Caketilia, rac niSnavs, rom meqanikuri rxevebis energiis
histerezisuli gabneva 470K temperaturamde β-borSi Seqcevadia.
amplituduri deformaciis mesame diapazonSi, sadac ε>εkr.2,
Sinagani xaxunis intensivoba izrdeba mkveTrad. aRniSnuli
diapazonidan Q-1(ε) grafikis ukusvlis Stoze fiqsirebulia
maRali intensivobis ganieri baqani histerezisis Ria maryuJiT.
maSasadame 470K temperaturze β-borSi deformaciis maRalampli-
tudur diapazonSi viTardeba mikroplastikuri deformacia.
Teoriis Tanaxmad rxevis maRal amplitudebze (ε≥εkr2) myari
sxeulebis gansazRvruli tipis dislokaciur struqturaSi
xorcieldeba Seuqcevadi cvlilebebi (arsebuli dislokaciebis
mowyveta kvanZebidan da Seuqcevadi gadaadgileba did manZilebze
srialis sibrtyeSi, axali dislokaciis Casaxva da sxv.) [121].
1270K temperaturaze mowva 10sT-is ganmavlobaSi 10-15%-iT zrdis
kritikuli amplituduri deformaciis sidideebs, daaxloebiT
orjer amcirebs Sinagani xaxunis amplituduri damokidebulebis
histerezisuli maryuJis siganes. mowvis Semdeg,
maRalamplituduri cikluri deformacia 470K temperaturaze
(ciklebis raodenoba _ 200, ε≈10-3) amcirebs kritikuli
amplituduri deformaciis sidideebs sawyis mdgomareobamde.
cxadia, rom sacdel nimuSSi SesaZlebelia mikroplastikuri
deformaciis gamovlineba da misi intensivobis marTva. maRali
meqanikuri simtkicisa da maRali dnobis temperaturis
naxevargamtarul kristalebSi kovalenturi bunebis kavSirebis
ZalebiT dabal temperaturebze (~470K) mikroplastikuri
deformaciis gamovlineba SesaZlebelia mxolod dislokaciebis
metad mcire sididis biurgersis veqtoris SemTxvevaSi. aseTi
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tipis dislokaciebi β-boris struqturaSi Caisaxebian da
arseboben deformaciuli oreulebis da wyobis defeqtebis saxiT.
470K temperaturaze rxeviTi deformaciis farTo diapazonSi
Zvris modulis cvlileba msgavsad Sinagani xaxunisa
mravalstadiuria (nax.24). ε≤εkr.1. diapazonSi misi Semcireba
mimdinareobs Zalian sustad, xolo meore diapazonSi (εkr.1≤ε≤εkr.2)
modulis Semcirebis siCqare sagrZnoblad maRalia. εkr.2
deformaciamde Zvris modulis amplituduri damokidebuleba
Seqcevadia da xasiaTdeba sustad gamovlenili Caketili
histerezisuli maryuJiT. histerezisis maryuJis mkveTrad
gamovlineba SesaZlebelia maRalamplituduri cikluri
deformaciiT 470K temperaturaze. histerezisis tipis rxeviTi
energiis gabnevis procesis Seneleba CaxSobamde SesaZlebelia
vakuumSi mowviT 1270K-ze 10sT.-is ganmavlobaSi.
etalonTan Sedarebis meTodiT 470K temperaturaze gansazRvru-
lia aralegirebuli β-boris sacdeli polikristaluri nimuSis
rxevis sixSire da mis safuZvelze gamoTvlilia Zvris modulis
absoluturi sidide. rxevis sixSiris gazomva Sesrulda
maqsimalurad Semcirebul amplitudur deformaciaze (~5·10-5).
cnobili damokidebulebidan σ=ε·G (σ-amplituduri deformacia;
G-Zvris moduli) ganisazRvra drekadobis zRvris absoluturi
mniSvnelobebi rxeviTi deformaciis εkr1 da εkr2 amplitudebze
(cxr.11).
B+0.8at%Ni Senadnobis Sinagani xaxunis amplituduri damokidebu-
lebis grafikis forma oTaxisa da 470K temperaturebze praqtiku-
lad aralegirebuli β-boris aseTive funqcionaluri damokide-
bulebis identuria. mTavar ganmasxvavebel niSnad warmodgenilia
kritikuli amplituduri deformaciebis mniSvnelobebi. nikeliT
legirebam gamoiwvia pirveli kritikuli amplituduri
deformaciis Semcireba da meore kritikuli amplitudis sididis
gadanacvleba deformaciis maRali amplitudebis mimarTulebiT
(nax.12.2). aralegirebuli nimuSis analogiurad B+0.8at%Ni
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SenadnobSic aseve fiqsirdeba Q-1(ε) da G/Go(ε) damokidebulebebze
Caketili da Ria histerezisis tipis cvlilebebi. amplituduri
deformaciis farTo diapazonSi histerezisis Ria maryuJi
mkafiod aris warmodgenili. 470K temperaturaze maRalamplitu-
duri deformaciis ciklebis da 1270K temperaturaze 10sT-iani
mowvis zemoqmedebiT SesaZlebelia sacdeli Senadnobis
aradrekadi maxasiaTeblebis histerezisis maryuJis farTobis
sididis regulireba.
polikristaluri B-Ni Senadnobebis dinamiuri meqanikuri
maxasiaTeblebi
cxrili 11.
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SeniSvna
B sawyisi 5·10-4 7·10-4 18600 9.30 13.05
dinamiuri
maxasiaTeblebi
gansazRvrulia
470K-ze
Sesrulebuli
gazomvebis
safuZvelze
B momwvari,
1270K, 10sT 7·10
-4 9·10-4 19200 13.45 17.30
B+0.8at%Ni
sawyisi
4·10-4 8·10-4 18800 7.50 15.05
B+0.8at%Ni
momwvari,
1270K, 10sT
6·10-4 1·10-3 19500 11.70 19.50
B+1.5at%Ni
sawyisi
3·10-4 1·10-3 19350 6.80 19.30
B+1.5at%Ni
momwvari,
1270K, 10sT
5·10-4 2·10-3 19700 9.85 39.40
B+3.0at%Ni
sawyisi
8·10-5 3·10-3 19900 1.59 59.70
B+3.0at%Ni
momwvari,
1270K, 10sT
8.5·10-5 3·10-3 19900 1.69 59.70
nikelis koncentraciis gazrdiT 1.5at%-mde kidev ufro naTlad
vlindeba pirveli da meore kritikuli amplituduri
deformaciebis cvlilebis tendencia, amasTan erTad sagrZnoblad
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izrdeba Sinagani xaxunis fonis intensivoba amplituduri
deformaciis farTo diapazonSi (5·10-5-1·10-2). SesaZlebelia dauS-
vaT, rom nikeliT legireba β-boris struqturaSi ganapirobebs
maRali Zvradobis defeqtebis warmoqmnas. maTi moZraoba
niSancvladi Zabvis zemoqmedebiT gansazRvravs Sinagani xaxunis
fonis intensivobis zrdisa da fonis Zlieri amplituduri
damokidebulebis gamovlinebas.
n-tipis B+3.0at%Ni Senadnobis Sinagani  xaxunis amplitudur
damokidebulebaze vlindeba histerezisis, rogorc Caketili,
aseve Ria maryuJebi (nax. 26.4). n-tipis SenadnobSi mkveTradaa
warmoCenili histerezisis maryuJebi da sagrZnoblad didia
calkeuli maTganis farTobi, rac miuTiTebs rxeviTi energiis
histerezisuli tipis gabnevis procesebSi monawile defeqtebis
koncentraciisa da defeqtebis maxloblobaSi kristaluri mesris
lokaluri deformaciis intensivobis maRal mniSvnelobebze.
n-tipis B+3.0at%Ni Senadnobis mowva 470-600K intervalSi 10sT.-is
ganmavlobaSi praqtikulad gavlenas ar axdens amave temperatu-
rul SualedSi Sinagani xaxunis maqsimumebisa da Zvris defeqtis
maxasiaTeblebze, Q-1(ε) da G/Go(ε) grafikebze ar cvlis εkr.1 da
εkr.2 amplituduri deformaciis sididisa da histerezisis Ria da
Caketili maryuJebis formirebis pirobebs.
aRniSnuli Taviseburebebi SesaZlebelia aixsnas Semdegi daSvebis
safuZvelze: sacdeli nimuSebis struqturaSi arseboben
gansazRvruli tipis dislokaciebi, romlebic sxvadasxva sididis
ZaliT urTierTqmedeben e.w. kotrelis tipis atmosferoebTan.
aRniSnuli garemoeba warmodgenilia Q-1(ε) da G/Go(ε) damokidebu-
lebebze kritikuli εkr.1 da εkr.2 amplituduri deformaciebiT.
meores mxriv Q-1(ε) da G/Go(ε) funqcionalur damokidebulebebis
470-600K SualedSi Termuli damuSavebisagan damoukidebloba
miuTiTebs, rom dabal temperaturaze kotrelis atmosferoebSi,
adgili ara aqvs defeqtebis koncentraciul da konfiguraciul
cvlilebebs.
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mowva vakuumSi 1270K temperaturaze 10sT-is ganmavlobaSi iwvevs
n-tipis B+3.0at%Ni Senadnobis denis matareblebis koncentra-
ciisa da Zvradobis umniSvnelod matebas, mikrosisalisa da Zvris
modulis sidideebis ~10%-iT amaRlebas, 300-500K temperaturebis
SualedSi wrfivi Termuli gafarToebis koeficientis ~10%-iT
Semcirebas, praqtikulad gavlenas ar axdens relaqsaciuri
Sinagani xaxunis maqsimumebis aqtivaciis energiisa da sixSiris
faqtoris mniSvnelobebze, metad sustad (5-10%) zrdis
kristaluri amplituduri deformaciebis εkr.1 da εkr.2 sidideebs.
Termuli damuSavebis Semdeg 300-600K temperaturebis SualedSi
maRalamplituduri cikluri  deformacia gavlenas ar axdens
relaqsaciuri da histerezisuli tipis Sinagani xaxunis, Zvris
modulisa da mikroplastikuri deformaciis maxasiaTeblebze. es
mianiSnebs, rom aRniSnul pirobebSi mowvis Semdeg n-tipis
B+3.0at%Ni Senadnobis struqtura da struqturulad-mgrZnobiare
Tvisebebis maxasiaTeblebi Termulad mdgradia temperaturis
farTo diapazonSi.
β-boris elementaruli ujredis gansakuTrebiT rTuli aRnagobis
miuxedavad boris monokristalebis Sinagani xaxunis speqtri
SedarebiT martivia. ~1hc grexiTi rxevebis sixSireze masSi
gamovlenilia ori relaqsaciuri maqsimumi 150 da 530K temperatu-
rebze da erTi ararelaqsaciuri maqsimumi 570K temperaturaze.
dabaltemperaturuli maqsimumi xasiaTdeba: simetriuli formiT,
mcire intensivobiT (~0,001), umniSvnelo sididis  Zvris modulis
defeqtiTa (0,0005) da aqtivaciis energiiT 0,13ev, aseve dabali
relaqsaciuri sixSiris faqtoriT ~106wm-1. meore relaqsaciuri
maqsimumi 530K-ze gamoirCeva anomalurad maRali intensivobiT
(~0.15÷0.25), Zvris modulis defeqtis (~0,5), aqtivaciis energiis
(~1,3ev) da sixSiris faqtoris (1·1012wm-1) maRali mniSvnelobebiT.
ararelaqsaciuri maqsimumi 570K temperaturaze Termulad
aramdgradia da amJRavnebs intensivobis Zlier damokidebulebas
rxeviTi deformaciis amplitudisagan. 570K kritikuli
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temperaturis zeviT vlindeba Zvris modulis nawilobrivi
aRdgena. es garemoeba ewinaaRmdegeba relaqsaciuri Zvris
modulis standartul qcevas, romlis drosac misi mniSvneloba
mcirdeba ΔG/G relaqsaciis xarisxis toli sididiT [121].
polikristaluri β-boris Sinagani xaxunis temperaturul
speqtrSi gamovlenilia ZiriTad maqsimumebTan erTad ori
damatebiTi maqsimumi 250 da 690K temperaturebze. aRniSnuli
relaqsaciuri procesebis aqtivaciis energiebis sidideebi tolia
0,40 da 2,20ev., xolo sixSiris faqtorebia _ 1·109 da 5·1014wm-1.
kobaltiTa da nikeliT legireba iwvevs damatebiTi maqsimumebis
gadaadgilebas 10-15K-iT dabali temperaturebis mimarTulebiT,
maTi intensivobis mniSvnelovan gazrdasa da aqtivaciuri
maxasiaTeblebis Semcirebas. Nnikelis maRali koncentraciiT
legirebul SenadnobebSi 570K temperaturis maxloblad
ararelaqsaciuri procesi faqtiurad CaxSobilia.
kvlevis erT-erT mniSvnelovan Sedegs warmoadgens gansazRvruli
koncentraciiT legirebuli boris n-tipis gamtarobis Senadnobis
miReba. aRniSnul SenadnobSi malegirebeli elementebis
koncentraciis zrdasTan erTad 530K temperaturaze arsebuli
ZiriTadi relaqsaciuri maqsimumi gadaadgildeba dabali
temperaturebisaken 450K temperaturamde. nikelis koncentraciis
gazrdiT relaqsaciuri maqsimumis intensivoba izrdeba, misi
forma xdeba ufro simetriuli. cxadia, rom n-tipis SenadnobSi
izrdeba relaqsaciuri centrebis koncentracia, romlebic
monawileoben  450-530K temperaturul SualedSi rxevis energiis
anomalurad intensiur relaqsaciur gabnevaSi.
nikeliT legirebul β-borSi temperaturis farTo diapazonSi
(80÷1000K) Sinagani xaxunis foni dabalia (~10-4), is Zalian sustad
aris damokidebuli temperaturaze. maqsimumebis intensivoba
avlens rxevis amplitudaze damokidebulebas, rac miuTiTebs maT
dislokaciur deformaciul bunebaze. dadgenilia, rom β-boris
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kristalebSi 150 da 250K temperaturebis maxloblad arsebuli
relaqsaciuri maqsimumebi damokidebuli arian rxevebis amplitu-
dis intensivobaze. isini formirebulia dislokaciebis sxvadasx-
va damagrebis wertilidan mowyvetis procesebiT. Sinagani xaxunis
relaqsaciuri maqsimumebis Tvisebebi (dabali temperaturebi, aq-
tivaciuri maxasiaTeblebis mcire sidideebi, legireba da ciklu-
ri deformacia) xasigutis maqsimumebis Tvisebebis analogiuria.
β-boris Sinagani xaxunis maqsimumebis SedarebiT liTonebisa da
kovalenturi kristalebis xasigutis maqsimumebTan SeiZleba
vivaraudoT, rom relaqsaciuri procesi 250K temperaturis areSi
(aqtivaciis energia -0,5ev, sixSiris faqtori ~109wm-1) ganpirobe-
bulia erTeulovani geometriuli Runvebis mowyvetiT vakansiuri
warmoSobis wertilovani defeqtebisagan. maqsimumi 150K
temperaturaze xasiaTdeba SedarebiT dabali aqtivaciis energiiT
(~0,15ev) da sixSiris faqtoriT (1·106wm-1). aRniSnuli maqsimumi
dakavSirebulia procesTan, romlis meqanizmad SesaZlebelia
miCneuli iqnas geometriuli Runvebis jgufis mowyveta
wertilovani defeqtebisagan meqanikuri Zabvis velSi.
legireba da cikluri deformacia sxvadasxva temperaturaze
iwvevs geometriuli Runvebis ganTavisuflebas damagrebis Zlieri
centrebidan, kerZod Canergili minarevebisa (O2, N2 an C) da maTi
martivi kompleqsebisagan, romlis drosac Runva gadanawildeba
SedarebiT sustad damagrebul vakansiebze. realuri struqturis
aseTi cvlilebebi SeiZleba ganapirobebdes β-boris Sinagani
xaxunis intensivobis zrdasa da dabaltemperaturuli maqsimume-
bis aqtivaciuri maxasiaTeblebis Semcirebas. maTi  relaqsaciis
xarisxi TanxvedraSia siliciumis Zafisebur kristalebSi
xasigutis maqsimumis relaqsaciis xarisxTan, romelsac
Seesabameba dislokaciis saSualo simkvrive ~107÷108sm-2 da
geometriuli Runvebis ricxvi ~109sm-1. SeiZleba davaskvnaT, rom β-
borSi wertilovan defeqtebTan urTierTqmedi geometriuli
Runvebis koncentracia maRalia, oreulovan dislokaciebze.
128
arakoherentuli sazRvris gadaxris sidide ganisazRvreba
oreulovan sibrtyeebze arsebuli oreulebis arakoherentul
sazRvrebze, romlebic Sedgeba safexurebiT gamijnuli mravali
koherentuli nawilisagan. SesaZlebelia maTze warmoiqmnas
gaujerebeli kavSirebi, isini urTierTqmedeben muxtis Tavisufal
matareblebTan. aseTi saxis urTierTqmedeba iwvevs oreulovani
dislokaciis birTvSi gaujerebeli kavSirebis kompensacias, ris
Sedegadac SeiZleba gaizardos maTi Zvradoba [130].
aralegirebul β-borSi 570K maxloblad arsebuli ararelaqsaci-
uri Sinagani xaxuni SeiZleba gamowveulia polisinTezuri
oreulebis grovaSi struqturuli gardaqmnebiT, romlebic
mimdinareoben Termuli da meqanikuri energiebis zemoqmedebiT.
savaraudoa, rom mikrooreulebis grovaSi arseboben arasruli
ikosaedrebis jgufebi.
polikristaluri β-boris Sinagani xaxunis speqtrSi 650-690K
temperaturul intervalSi gamovlenilia relaqsaciuri maqsimumi
aqtivaciis energiiT _ 2,2ev da sixSiris faqtoriT 5·1014wm-1.
kobaltiTa da nikeliT cal-calke legirebul β-borSi maqsimumis
intensivoba mkveTrad izrdeba, xolo aqtivaciis energia da
sixSiris faqtori mcirdebian. relaqsaciuri procesebis
maxasiaTeblebis cvlilebebi ufro mkafiod vlindeba legirebul
β-boris struqturaSi, romelSic didi raodenobiTaa mcire zomis
oreulebi da wyobis defeqtebi. relaqsaciuri procesi
SesaZlebelia  gamowveulia  oreulovan sibrtyeebze wyobis
defeqtebis SekumSva-gafarToebis procesiT meqanikuri Zabvis
velSi. relaqsaciur procesSi monawileobs kristalis
moculobasa da wyobis defeqtebs Soris minarevis difuzia.
relaqsaciuri procesis aqtivaciis energiis Semcireba
ganpirobebulia minarevebisa da myari xsnaris atomebTan wyobis
defeqtebis urTierTqmedebis energiis cvlilebiT legirebis,
Termuli damuSavebisa da deformaciis zemoqmedebiT.
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daskvna
1. miRebulia kobaltiTa da nikeliT cal-calke legirebuli
β-romboedruli boris masiuri kristalebi. metalografiuli
kvleviT dadgenilia, rom sacdeli nimuSebis struqtura poli-
kristaluria, 5-100mkm zomebis marcvlebiT. marcvlebis
struqturaSi gamovlenilia araerTgvarovnad ganawilebuli
urTierTgadamkveTi da paralelurad orientirebuli
oreulebi. maRali koncentraciis kobaltiTa da nikeliT
legirebul kristalebSi SeiniSneba marcvlebis zomebis
Semcireba da oreulebis koncentraciis amaRleba.
2. dadgenilia, rom B:Co da B:Ni Senadnobebi xasiaTdebian
ZiriTadad p-tipis, xolo B:Ni ( >3at.%) Senadnobebi n-tipis
gamtarobiT.
3. 200-800°C temperaturul intervalSi aralegirebuli β-boris
kristalebi avlenen eleqtrogamtarobis da Termuli
gafarToebis anomalur cvlilebebs. kobaltiTa nikeliT
legireba aRniSnul anomaliebs mTlianad axSobs.
eleqtrogamtarobis da Termuli gafarToebis anomaliebis
mizezad aRniSnul temperaturul intervalSi miCneulia _
wertilovani defeqtebis Termulad aramdgrad kompleqsebSi
mimdinare gardaqmnebi da dislokaciuri warmoSobis
defeqtebis Zvradobis cvlilebebi.
4. kobaltisa da nikelis koncentraciis proporciulad izrdeba
mikrosisalisa da dinamiuri Zvris modulis absoluturi
mniSvnelobebi, rac ZiriTadad ganpirobebulia lokaluri
Zlieri SP3 kavSirebis formirebiT malegirebeli atomebis
maxloblobaSi.
5. grexiTi rxevebis 0,5-5,0hc sixSiris diapazonSi Seswavlilia
aralegirebuli da legirebuli β-boris polikristaluri nimu-
Sebis Sinagani xaxuni da Zvris moduli temperaturis 80-1000K
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da amplituduri deformaciis 5·10-5-5·10-3 intervalebSi.
gamovlenilia wertilovani, dislokaciuri warmoSobis wrfivi
da planaruli defeqtebis moZraobiTa da urTierTqmedebiT
ganpirobebuli relaqsaciuri da histerezisuli tipis
procesebi. maTi intensivoba damokidebulia amplitudur
deformaciaze, rac maT dislokaciur  warmoSobas adasturebs.
6. gansazRvrulia relaqsaciuri Sinagani xaxunis procesebis
aqtivaciis energiisa da sixSiris faqtoris mniSvnelobebi.
naCvenebia dislokacia-wertilovani defeqtebis (vakansia,
minarevis atomebi) urTierTqmedebis ganmsazRvreli roli
Sinagani xaxunisa da Zvris modulis dabaltemperaturuli
speqtrebis formirebaSi.
7. kobaltiTa da nikeliT legireba axSobs 570K temperaturis
areSi fazuri gardaqmnis tipis Sinagani xaxunis maqsimumsa da
Zvris modulis defeqts, amcirebs struqturuli defeqtebis
moZraobis aqtivaciur maxasiaTeblebs da amaRlebs
mikrosisalis, Zvris modulisa da drekadobis zRvris
mniSvnelobebs.
8. 450-530K temperaturebis SualedSi maRali intensivobis
relaqsaciuri maqsimumis SesaZlebel meqanizmad warmodgenilia
{100} sibrtyeze arsebuli minarevebis atmosferoebTan
urTierTqmedi oreulovani dislokaciebis moZraoba perioduli
Zabvis velSi. maqsimumis temperaturisa da aqtivaciuri
maxasiaTeblebis Semcireba ganpirobebulia oreulovani
dislokaciebis Zvradobis amaRlebiT legirebul kristalebSi.
9. legirebul β-romboedrul borSi 650-780K temperaturebze
relaqsaciuri Sinagani xaxunis maqsimumi xasiaTdeba
aqtivaciuri parametrebisa da intensivobis amplitudur
deformaciaze damokidebulebiT. grexiTi rxevebis energiis
gabnevis relaqsaciuri procesi SesaZlebelia gamowveulia
{100} sibrtyeebze wyobis defeqtebis SekumSva-gafarToebiT
perioduli Zabvis velSi.
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10. amplituduri deformaciis farTo diapazonSi 5·10-5-5·10-3
Seswavlilia Sinagani xaxunisa da Zvris modulis
amplituduri damokidebulebebi. dadgenilia, rom aRniSnuli
fizikur-meqanikuri maxasiateblebi xasiaTdebian mravalsta-
diuri amplituduri damokidebulebiT.
11. gansazRvrulia amplituduri deformaciis kritikuli
sidideebi da maT safuZvelze Sefasebulia drekadobis
zRvris mniSvnelobebi. dadgenilia, rom  kobaltiTa da
nikeliT legireba zrdis Zvris modulis kritikuli
amplituduri deformaciis da drekadobis zRvris
mniSvnelobebs.
12. legirebis, Termuli da meqanikuri zemoqmedebiT
ganpirobebuli struqturuli defeqtebisa da fizikur-
meqanikuri Tvisebebis clilebaTa gansazRvruli kanonzomi-
erebani mniSvnelovania β-romboedruli boris fuZeze axali
kompoziciuri da naxevargamtaruli masalebis miRebisa da
kvlevis problemis gadaWrisaTvis.
132
gamoyenebuli literatura
1. Самсонов Г.В., Марковский Л.Я., Жигач А.Ф., Валяшко М.Г. Бор, его
соединения и сплавы.  Киев: АН УССР, 1966, 524с.
2. Наслен Р.  Получение бора. Препаративные методы химии твёрдого тела.
М.: Мир, 1976, с. 466-513.
3. Niemyski Т., Olempska Z., Pracka I. Preparation of Pure Crystalline Boron. In:
Proceedings of the International Conference on the Physics of Semiconductors.
Mat. of the International Conference, Exeter, London, July, 1962, p.722-726.
4. Horn F.H. Zone-Refined Boron. J. Applied Physics, 1959, v.30, #10, p.1612-
1613.
5. Greiner E.S.. The Floating - Zone Melting of Boron and the Properties of Boron
and its Alloys. In: Boron, Synthesis, Structure and Properties. Mat. of the
Conference of Boron, Asbury Park, 18-19 September, 1959, New York,
Plenum Press, 1960, p.105-109.
6. Цагарейшвили Г.В. Установка для очистки металлов бестигельной зонной
плавкой электронным пучком и электропереносом примесных ионов.
Передовой научно-технический и производственный опыт. 1962, в.7, т.
37, с.33-37.
7. Сейбольт А.У. Исследование сплавов с высоким содержанием бора.
Проблемы современной металлургии. Иностранная литература, 1960,
в.5, #53, c.74-89.
8. Naslain R. Crystal Chemistry of Boron and of Some Boron-Rich Phase.
Preparation of Boron Modifications. In: Boron and Refractory Borides.
Springer-Verlag, Berlin, Heidelberg, New York, 1977, p. 139- 202.
9. Decker B.F. and Kasper J.S. The Crystall Structure of a Simple Rhombohedral
Form of Boron Modification. In: Boron and Refractory Borides. Springer-
Verlag, Berlin. Heidelberg. New York, 1977, p. 262-292.
10. Lipscomb W.N., Britton D. Valence Structure of the Heigher Borides.
J. Chemical Physics, 1960, v. 33, #1, pp. 275-280.
11. Hoard J.L. and Hughes R.E. Elemental Boron and Compounds of High Boron
Content: Structure, Properties and Polymorphism. In: The Chemistry of Boron
and its Compounds. New York, 1967, v.2, pp. 25-154.
12. Will G. and Kossobutski К.H. X-ray difraction analysis of B50C2 and B50N2
cristallizing in "tetragonal" boron lattice. J. Less- Common Metals., 1976, v.47,
p.33-38.
13. Hoard J.L. Hughes R.E. and Sands D.E. The Structure of Tetragonal Boron.
J. Am. Chem. Soc., 1958, v.80, pp. 4507-4515.
133
14. Ploog K. and Amberger E. Kohlenstoff-Induzierte Gitter Beim Bor: I-
Tetragonales (B12)4B2C and (B12)4B2C2. J. Less-Common Metals, 1971, v.23,
#107, p.33-42.
15. Amberger E., Schmidt H. Stickstoffinduziertes Gitter Beim Bor: I-Tetragonales -
Bornitrid (Bi2)4B2N1-2. Z. Naturforschung, 1971, v. 26, p.641-646.
16. Amberger E. and Polborn K. Structur des tetragonalen (Bi2)4B2Ti1.3-2.0.
J. Acta Crystallographica. 1975, v. 31, p.949-953.
17. Amberger E. and Polborn K. Tetragonales Vanadiumborid (B12)4B2V1.5-1.9.
J. Acta Crystallographica, l976, v.32, p.974-975.
18. Джамагидзе Ш.3., Швангирадзе P.P., Гвилава М.Ф. Исследование опти-
ческого поглощения бора. Физика и техника полупроводников, 1968, т.2,
#8, с.382-386.
19. Becher Н.J. Uber das Berylliumboride BeB12 mit β-bor-structur. J. Anorg.
Allg. Chem., 1960, v. 306, p. 266-272.
20. Becher H.J. and Mattes R. Tetragonal Boron-I and its Derivatives. In: Boron and
Refractory Borides. Springer-Vertag, Berlin, Heidelber, New-York, 1977,
pp. 107-114.
21. Talley C.P., La Placa S. and Post B. A new polymorph of boron. J. Acta
Crystalographica. 1960,  v. 13, #3,  pp. 271-272.
22. Vlasse M., Naslain P., Kasper J.S. and Ploog K.J. The Crystal Structure of
Tetragonal Boron. J. Less-Common Metals., 1979, v. 67, #l, p.1-6.
23. Katada K. An Electron Diffraction Study of Evaporated Boron Films. J. Applied
Physics, 1966, v.5, #7, pp. 582-587.
24. Huges R.E., Kennard C.H.L., Sullenger D.В., Weaklien H.A., Sands D.E.,
Hoard J.L. The structure of β-Rhombohedral Boron. J. Amer. Chem. Soc., 1963,
v.85, #3, p.361-362.
25. Hoard J.L., Newkirk A.E. An analysis of polymorphism in boron based upon X-
ray diffraction results. J. Amer. Chem. Soc., 1960, v. 82, #1, p.70-76.
26. Hoard  J.L., Sullenger  D., Kennard С.H.L., Huges R.E. The structure analysis of
β-rhombohedral boron. J. Solid State Chem. 1970, v.1, Is.2, p.268-277.
27. Wentorf R.H. Boron another form. In: Boron. Preparation, Properties and
Applications. Plenum Press. New York. 1965, v.2, p. 97-100.
28. Economy J., Matkovish V.J. and Giese R.F. Crystal Chemistry of Alpha-Boron
Derivatives. Z. fur Kristallographie, 1965, Bd. 122, Heft 3/4, p.248-258.
29. Callmer B. Transition metals in β-rhombohedral boron. Acta Univ. Uppsal.
Abstracts. Uppsala Diss. Sci. 1977, #434, p. 3-48.
30. Werheit  H. On the Conductivity Mechanism of β- Rhombohedral Boron. J.
Phys. Stat. Sol. 1970, 41, p. 247-253.
134
31. Niemysku Т., Pracka J., Szerbinsci R. and Frukasz. Studies on Crystallization of
Pure Boron. In: Boron, Preparation, Properties and Applications. Plenum Press,
New York, 1965, v. 2, p. 35-43.
32. Dietz W.H., Hermann H.A. Investigations on the Conduction Mechanism in
Boron Single Crystals. In: Boron, Preparation and Properties, Warszawa, l970,
v. 3, p.195-205.
33. Binnerbruk H., Werheit H. IR-Active Phonons of Boron and Boron Carbide. Z.
Naturforschung. 1979, v. 34a, #3, p. 787-798.
34. Антадзе M.E., Рожанский В.H., Цагарейшвили Г.В., Тавадзе Ф.Н.
Рентгенографическое и электронно- микроскопическое исследование
кристаллов β-ромбоэдрического бора. Сб. Бор. Получение, структура и
свойства. М.: Наука.  1974, с. 54-58.
35. Ashbee К.Н.G., Dubause С.К.Н. Dislocation nodes in boron carbide, with
special reference to nonstoichiometry. J. Acta Metallurgica, 1972, v.20, #2,
p. 241-245.
36. Ashbee К.H.G. Defects in Boron Carbide Before and After Neutron Irradiation.
J. Acta metallurgical, 1971, v.19, #10, p. 1079-1085.
37. Sitarik J.P., Ellis W.S. Preparation and Morphology of Boron Filametary
Kristals Grown by the Vapor-Liquid-Solid Mechanism. J. Appl. Phys. 1966,
v. 37, #6, p. 2399-2401.
38. Amberger E., Dietze W., Jaumann J. and Runow P. Preparation of α-
Rhombohedral Boron and Electron Microscopic Examination. J.Phys. Stat. Sol.,
1970, v.A2, p. K59-K61.
39. Laubengayer A.W., Hurd D.Т., Newkirk A.E., Hoard J.L. Boron. I. Preparation
and Properties of Pure Crystalline Boron. J. Am. Chem. Soc., 1943, v.65,
p. 1924-1931.
40. Dietz W., Herrmann H.A. Conductivity, Hall Effect, Optical Absorption and
Band Gap of very Pure Boron. In: Boron, Preparation, Properties and
Applications. Plenum Press,  New York, 1965, v. 2, p. 107-118.
41. Tavadze F.N., Tsagareishvili G.V., Zoidze N.A., Antadze M.E. Structural
Peculiarities of Zone-Melted Boron. In: Boron, Preparation and properties,
Warszawa, 1970, v. 3, p. 127-132.
42. Badzian A.R., Klokovcki A., Niemyski T. Twin Structure of β-rhombohedral
Boron. In: Boron, Preparation and Properties. Warszawa, 1970, v.3, p. 147-149.
43. Kleinhenz K. and Runow P. Herstellung dunner Bor-Folien und Electronenmir-
kroskopische Beobachtung ihrer Baufehler. J. Phys. Stat. Sol., 1968, v.29, #2,
p. 627-637.
44. Цагарейшвили Г.В., Антадзе М.Е., Тавадзе Ф.Н. Получение и структура
бора. Тбилиси: Мецниереба, 1991, 144 c.
135
45. McKelvy М.J., Rae Smith A.R., and Eyring L. High- Resolution Electron
Microscope Analysis of {100} Twinning in β- Rhombohedral Boron. J Solid
State Chem., 1982, v.44, p. 374-381.
46. Olsson Per-Olof. Defects in β-Rhombohedral Boron Formed During the
Synthesis of LaB6 . J. Solid State Chem.  1988, v.76, p. 301-312.
47. Pracka I., Jun J., Niemyski T., Jabłoński R. Studies on doped boron. Boron,
Preparation and Properties. Warszawa, 1970, v.3, p.57-65.
48. Арифов У.А., Пантелеева Г.В., Каримов Р.Х. Некоторые свойства бора,
легированного никелем. Сб. Бор. Получение, структура и свойства. М.:
Наука, 1970, с.100-106.
49. Tsiskarishvili G.P., Saveliev A.S. Investigation of the magnetic properties of β-
boron doped with carbon. J. Less-Common Metals, 1986, v.117, #1-2,
p.109-113.
50. Vlasse M., Viala J.C. The boron–silicon solid solution: A structural study of
the SiB~36 composition. J. Solid State Chem. 1981, v.37, #.1, p.181-188.
51. Darsavelidze G.,  Gabunia D.,  Lezhava D., Zoidze Z., Kurashvili L. Inelastic
properties of nickel alloyed boron. J . Bull. Georg. Acad. Sci. 1997, v.156,
#3, p.435-437.
52. Golikova O.A., Kazanin M.M., Kutasov V.V. Electrical activity of Fe, Ni, Re
impurities   in β-rhombohedral boron. J. Appl. Phys. Ser., 1994, v.10,    p.54-55.
53. Antadze M., Zoidze Z., Gabunia D., Tsagareishvili O., Lezhava D., Darsavelid-
ze G. Physical-mechanical characteristics of Fe-doped boron. J. Solid State
Chem., 2000, v.154, #1, p.188-190.
54. Габуния Д.Л., Цомая К.П., Тавадзе Ф.Н. Исследование некоторых свойств
легированного бора. Сб. Бор. Получение, структура и свойства. М.: Наука,
1974, с.97-100.
55. Tsikaridze J.N., Mukhraneli T.Z., Mazmishvili G.A. Dielectric losses in doped
boron. J. Less-Comm. Met., 1986, v.117, #.1-2, p.181-182.
56. Lundström T. Solid solutions and metal borides based on icosahedral
arrangements of the boron atoms. Proc. 9th Int. Symp. Boron, Borides & Rel.
Comp., Duisburg: UDG, 1987, p.55-64.
57. Higashi I. Structure and properties of boron-rich borides. In: AIP. Conf. Proc.,
Boron-Rich Solids, New York, 1986, v.140, p.1-10.
58. Higashi I., Kobayashi M., Akagawa Yu., Kobayashi K., Bernahard J. Metal
distribution in AlxCuyB105 (x = 0 − 3.4, y = 4.2 − 0) of the β-rhombohedral
boron structure. AIP Conf. Proc., 1991, v.231, p.224-231.
59. Nakayama T., Shimizu J., Kimura K. Thermoelectric properties of metal-doped
β-rhombohedral boron. J. Solid State Chem., 2000, v.154, #1, p.13-19.
136
60. Matsuda H., Nakayama T., Kimura K., Ino H., Murakami Y., Suematsu H.,
Higashi I. Electrical conductivity, magnetic susceptibility and thermoelectric
power for Li, Cu and Al doped β-rhombohedral B related to f.c.c. C60. J. Appl.
Phys. Ser., 1994, v.10, p.39-42.
61. Carlson J.O., Lundström T. The solution hardening of β-rhombohedral boron. J.
Less-Comm. Met. 1970, v.22, #.3, p.317-320.
62. Schmechel R., Werheit H. Evidence of the superposition of Drude type and
hopping type transport in boron-rich solids. J. Solid State Chem., 1997, v.133,
Is.1, p.335-341.
63. Tsiskarishvili G.P., Lundström T., Lundgren L., Tsagareishvili G.V.,
Tsagareishvili O.A., Tavadze F.N. EPR and static magnetic susceptibility
investigations of iron and manganese solid solutions in β-rh. Boron. Borids and
Related Compounds. 1987, v.9, p.353-354.
64. Kuhlmann U., Werheit H., Dose T., Lundström T. IR optical properties of Fe-
doped β-rhombohedral boron. J. AIP Conf. Proc., 1991, v.231, p.340-343.
65. Лундстрём Т. Структурные исследования растворимости в твердом
состоянии переходных металлов в β-ромбоэдрическом боре. Сб. Бор.
Получение, структура и свойства. М.: Наука, 1974, c.44-51.
66. Werheit H., Groot K., Malkemper W., Lundström T. On n-type β-rhombohedral
boron. J. Less-Common Metals, 1981, v.82, pp. 163-168
67. Golikova O.A.,   Dzhafarov E.O.,   Stil’bans L.S., Tadzhiev A. Thermoelectri-
cal   properties   of   some β-boron-based  solid  solutions. Boron, Borides,
Carbides, Nitrides & Rel. Comp. Tbilisi: Metsniereba, 1984, p.19.
68. Berezin A.A. Quasi-localization and electronic transport in boron and boron-
rich borides. In: AIP. Conf. Proc., Boron-Rich Solids, New York, 1986, v.140,
p.224-233.
69. Березин А.А., Голикова О.А., Мойжес Б.Я., Хомидов Т. Плотность
состояний  и  подвижность носителей тока в β-ромбоэдрическом боре.
ФТП, 1971, т.5, #12, c.2320-2324.
70. Голикова О.А., Саматов С. Бор и его полупроводниковые соединения.
Ташкент: Фан, 1982, 40c.
71. Golikova O.A. Boron and boron-based semiconductors. J.Phys. Stat. Sol.,
1979, v.A51, #1, p.11-40.
72. Golikova O.A., Samatov S. Conduction mechanism of some “quasi-amorphous”
semiconductors on basis of boron. J.Phys. Stat. Sol., 1983, v.A77, #2,
p.449-453.
73. Golikova O.A.,   Kazanin M.M.,   Stilbans L.S., Tkalenko E.N., Zaitsev V.K.
Transport phenomena and energy  spectra  of  current  carriers  in  amorphous
and β-boron. In: Mat.  4th  Internat.  Conf.  Amorphous and Liquid
Semicondactors, Leningrad, 1975, p.94.
137
74. Березин А.А.,    Голикова О.А.,    Зайцев В.К., Стильбанс Л.С.,  Хомидов Т.
Электрические  свойства β-ромбоэдрического и аморфного бора. Сб. Бор.
Получение, структура и свойства. М.: Наука, 1974, с.106-110.
75. Верхайт Х., Бинненбрук Г. Исследование оптического  поглощения  и
фотоэффекта  в β-ромбоэдрическом боре, аморфном боре и карбиде бора.
Сб. Бор. Получение, структура и свойства. М.: Наука, 1974, с.110-115.
76. Werheit H., Moldenhauer A. Non-Ohmic electrical conductivity of β-
rhombohedral boron in high electric fields. J. Solid State Chem., 2004, v.177,
#2, p.586-591.
77. Szadkowski A.,  Stankievicz J. Drift mobility of carriers in boron. Boron.
Preparation and Properties, Warszawa, 1970, v.3, p.291-294.
78. Golikova O.A.,  Zaitsev V.K., Orlov V.M., Petrov A.V., Stilbans L.S.,  Tkalenko
E.N. Thermal conductivity of boron and of Its crystal structure analogs.
J.Phys. Stat. Sol. 1974, v.A21, #2, p.405-412.
79. Могилевский Б.М., Чудновский А.Ф. Теплопроводность полупроводников.
М.: Наука, 1972, 536c.
80. Wood Ch. Refractory semiconductors for high temperature thermoelectric
energy conversion. Mat.  Sci. Res. Soc. Symp. Proc., 1987, v.97, p.335-346.
81. Slack G.A., Oliver D.W., Horn F.N. Thermal conductivity of boron and
some Boron compounds. J. Phys. Rev., 1971, v.B4, #6, p.1714-1720.
82. Thompson J.C., McDonald W.J. Low- temperature thermal conductivity of
boron. J. Phys. Rev., 1963, v.132, #1, p.82-84.
83. Thompson J.C., McDonald W.J. Low temperature thermal conductivity of
boron. Boron, Preparation, Properties and Applecations, Plenum Press,
New York, 1965, v.2, pp.261-267.
84. Петров А.В., Гермаидзе М.С., Голикова О.А., Кискачи А.Ю., Матвеев
В.И. Связь теплопроводности  и кристаллической  структуры β-ромбо-
эдрического бора. ФТТ, 1969, т.11, #4, c. 907-910.
85. Логачев Ю.А. К теории теплопроводности  кристаллического бора. Сб.
Бор. Получение, структура и свойства, Тбилиси: Мецниереба, 1974,
c.19-24.
86. Zaitsev V.K., Fedorov M.I. Peculiarities of heat transfer in boron, its crystallo-
chemical analogues and transition metal higher silicides. Proceedings of the 8th
Internat. Symp. Boron, Borides, Carbides, Nitrides & Rel. Comp. Tbilisi:
Metsniereba, 1984, p.21.
87. Slack G.A., Rosolowsky J.H., Miller M.L. Seebek coefficient and electrical
conductivity of doped beta- boron. Advanced Energy Systems – Their Role in
Our Future, San Francisco, California, 1984, v.4, pр.2244-2248.
138
88. Голикова О.А., Зайцев В.К., Орлов В.М. Теплопроводность бора и
некоторых его соединений. Сб. Бор. Получение, структура и свойства.
Тбилиси: Мецниереба, 1974, с.25-32.
89. Türkes P.R.H., Swartz E.T., Pohl R.O. Thermal properties of boron and boron
carbides. In: AIP Conf. Proc., Borob-Rich Solids, New York, 1986, v.140,
p.346-361.
90. Новикова С.И. Тепловое расширение твердых тел. М.: Наука, 1974, 292с.
91. Holcombe С.E.  Smith D.D., Lore J.D., Duerksen W.K., Carpenter D.A.
Physical-Chemical Properties of β-Rhombohedral Boron. J.High Temp. Sci.,
1973, v. 5, pp. 349-357.
92. Andersson S., Lundstrom T. The solubility of chromium in β-rombohedral boron
as determined in CrB≈41 by single crystal diffractometry. J. Solid State Chem.,
1974, #.2, p. 603-611.
93. Tsagareishvili G.V., Nakashidze T.G., Jobava S.Sh., Lomidze G.P., Khulelidze
D.E., Tsagareishvili D.Sh., Tsagareishvili O.A. Thermal expansion of boron and
boron carbide. J. Less common Metals. 1986, v.117, #1-2, pp.159-161.
94. Горелик С.С., Расторгуев Л.Н., Скаков Ю.А. Рентгенографический и
электронографический анализ. М.: Металлургия, 1970, 366 с.
95. Цагарейшвили Г.В., Хведелидзе А.Г., Бережкова Г.В., Говорков В.Г.,
Войнова Н.Н. Некоторые механические свойства кристаллов β-
ромбоэдического бора. Сб. Бор. Получение, структура и свойства. М.:
Наука, 1974, с.121-125.
96. Speerschneider С.J., Sartell J.A. Mechanical and Micromechanical Behavior of
Bulk Polycrystalline Boron. In: Boron. Preparation, Properties and Applications.
Plenum Pres, New York, 1965, v.2, pp.269-282.
97. Андриевский P.А., Байрамашвили И.А., Солоев Ю.A., Хромоножкин В.В.
Спеченный бор, получение и свойства. Изучение спекания бора.
Порошковая металлургия, 1982, #8, с.27-32.
98. Tavadze F.N., Lominadze J.V., Khvedelidze A.G., Tsagareishvili G.V.,
Shorshorov M.Kh., Bulichev S.J. The effect of impurities on the mechanical
properties of zone-melted boron. J. Less- Common Metals, 1981, v.82, p. 95-99.
99. Цагарейшвили Г.В. Исследования условий образования, структуры и
свойств β-ромбоэдрического бора: Автореф.дис. докт.техн.наук,  Киев,
1972, 36с.
100. Giardini A.A., Kohn J.A., Toman L., Eckert D.W. Vector Hardness Properties of
Boron and Aluminum Borides. In: Boron, Synthesis, Structure and Properties,
Plenum Press, New York, 1960, v.1, p.140-158.
101. Brodhag C., Thevenot F., Viala J.C. The relation- ship between purity and
mechanical (Knoop hardness) or electrical (room resistivity) properties of single
crystals and polycrystals of β-rhombohedral boron. J.Less-Common Metals,
1979, v.6, #2, p.465-470.
139
102. Thevenot F., Viala J.C. Obtention de bore pur sous forme massive ou en couches
minces. Caracterisation Physique du bore, Vide, couches minces, 1979, v.34,
#195. pp.35-45.
103. Gschneider К.A. Mechanical Properties of the β-Boron. J. Solid State Physics.
1964, v.16, p. 275.
104. Bridgman P.W. Thermal Properties of Metalls. Proc. Am. Acad. Arts. Sci. 1929,
v. 64.p. 51-60.
105. Бриджмен P. Физика высоких давлений. M.: Наука. 1935, 305с.
106. Petrak D.R., Ruh R., Atkins G.R. Mechanical properties of Hot-Pressed Boron
Suboxide and Boron. American Ceramic Society Bull., 1974, v.35, #8. pp. 569-
573.
107. Gerlich D., Slack G.A. Elastic Properties of β- Boron. Mater. Sci. Lett. 1985,
v.4, #5. pp.639-640.
108. Андерсон О.В.  В кн.: Физическая Акустика. Под редакцией У. Мэзона. т.3,
часть Б. Динамика решетки. М.: Мир.  1968. с.62-70.
109. Цагарейшвили Д.Ш. Методы расчета термических и упругих свойств
кристаллических неорганических веществ.  Тбилиси: Мецниереба, 1977,
310с.
110. Цагарейшвили Г.В., Цагарейшвили Д.Ш. Термические и упругие свойства
бора. Тбилиси: Мецниереба, 1990, 220с.
111. Tsagareishvili G.V., Tavadze F.N, Darsavelidze G.Sh., Metreveli V.Sh.
Relaxation Processes in Crystalline Boron. Boron. Preparation and Properties,
Warzawa, 1970, v.3, p. 281-290.
112. Darsavelidze G.Sh., Tsagareishvili O.A., Eterashvili T.V., Metreveli V.Sh.,
Tavadze G.F., Khomeriki D.J. Defects and Physico-mechanical Properties of
Polycrystalline β-Rhombohedral Boron. J.Less-Common Metals, 1986, v.117,
#1-2, p.189-193.
113. Darsavelidze G.Sh., Antadze M.E., Tavadze G.E., Tsagareishvili O.A.,
Khvedelidze A.G., Tsikaridze D.N. Relaxation Processes in Re-doped Boron.
Proceedings of AIP Conference. Boron rich Solids. Albuquerque NM., 1991,
#231, p. 606-609.
114. Darsavelidze G.Sh., Tsagareishvili G.V., Antadze M.E., Tsagareishvili O.A.,
Khvedelidze A.G. Real Structure and Internal Friction of boron Doped with
Zirconium. Mat. Res. Soc. Sym. Proc., , 1987, v.97, p.139-144.
115. Дарсавелидзе Г.Ш., Цагареишвили Г.В., Тавадзе Ф.Н., Метревели В.Ш.,
Кутелия Э.Р., Хачапуридзе Н.А. Влияние термической обработки на струк-
туру и внутреннее трение бора. Сб. Внутреннее трение в металлических и
неорганических материалах, М.: Наука, 1982, c.170-175.
116. Дарсавелидзе Г.Ш., Цагареишвили О.А.,  Кутелия Э.Р., Никурадзе Дж.Г.,
Этерашвили Т.В. Влияние термохимической обработки на структуру  и
140
внутреннее трение непрерывных нитей бора. Сб. Внутреннее трение и
тонкое строение  металлов и неорганических материалов, М.: Наука, 1985,
c.226-231.
117. Дарсавелидзе Г.Ш., Цагареишвили Г.В., Цагареишвили О.А., Хачапуридзе
Н.А., Хведелидзе А.Г. Внутреннее трение поликристаллического бора,
легированного ванадием и титаном. Сб. Внутреннее трение в исследовании
металлов, сплавов и неметаллических материалов, М.: Наука, 1989,
c.234-240.
118. Хачапуридзе Н.А., Дарсавелидзе Г.Ш., Тавадзе Ф.Н., Цагарейшвили Г.В.
Спектр внутреннего трения β-ромбоэдрического бора. Cб. Механизмы
внутреннего трения в твердых телах, М.: Наука, 1976, c.63-65.
119. Стильбанс Л.С. Физика полупроводников. М.: Советское радио, 1967,
451с.
120. Постников В.С. Внутреннее трение металлов. М.: Металлургия, 1974, 370с.
121. Pushkar A. Internal Friction of Materials. London,  2005, 640p.
122. Таран Ю.Н., Куцова В.З., Червоный И.Ф., Щвец Е.Я., Фалькевич Э.С.
Полупроводниковый кремний. Запорожье: ЗГИА, 2004, 344с.
123. Darsavelidze G., Tsagareishvili G., Tsagareishvili O., Tavadze F. Real Structure
and IF of Boron Doped with Zirconium. MRS Symposia Proceedings: Pitsburg,
Pensylvania,  1987,  v.97, p.139-144.
124. Franz R., Weirheit H., Nadolny A.J. Optical and photoelectric investigation of
pure and carbon-doped beta boron. In: AIP Conf. Proc., Boron-Rich Solids,
New York, 1986, v.140, p.340-345.
125. Классен-Неклюдова М.В. Механическое двойникование, М.: АН СССР,
1960, 261c.
126. Жданова В.В., Иванов Г.И., Регель А.Р. Влияние двойниковых прослоек на
тепловое расширение Bi и его сплавов с Sb. ФТТ, Том 13, # 1, 1971,
с.199-204.
127. Старцев В.И. Упрочнение при двойниковании. Сб.: Физика
деформационного упрочнения монокристаллов. Киев: Наукова Думка,
1972, с.215-228.
128. Какушадзе Т.И. Переходные металлы и сплавы. Тбилиси: Издание научно-
методического кабинета, 1957, 242с.
129. Дарсавелидзе Г.Ш. Автореферат диссертации на соискание учёной степени
кандидата физико-математических наук. Воронеж, 1969, 21с.
130. Джамагидзе Ш. 3., Мальцев Ю. А., Швангирадзе Р. Р. Исследование элект-
рофизических свойств бора. Физика и техника полупроводников. 1968, т.2,
#3, с.387-392.
